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Abstract
The growth, magnetic anisotropy, g-factor, and magnetization of Fe monolayers grown on
GaAs(001), InAs(001), and InP(001) are investigated by a combination of in situ ferromag-
netic resonance and SQUID magnetometry as a function of temperature and film thickness. The
effect of stress caused by the lattice mismatch and the surface reconstruction on the magnetic
anisotropy is quantified. An in-plane spin reorientation transition as a function of film thickness
is observed at room temperature for all systems. A magneto-elastic model is used to explain the
direction of the easy axis, the spin reorientation transition, and the contributions to the magnetic
anisotropy terms using the stress components measured directly by in situ IV-low-energy elec-
tron diffraction. While the model gives a quantitative explanation of the out-of-plane magnetic
anisotropy, changes of the electronic interface structure have to be taken into account for the
in-plane magnetic anisotropy. The influence of Ag and Au buffer and cap layers on the magnetic
anisotropy terms are determined. The temperature dependence of the total magnetic anisotropy,
as well as the surface-interface and volume contribution to the magnetic anisotropy are deter-
mined for Fe monolayers on GaAs(001). It is demonstrated that the temperature dependence
of the magnetic anisotropy is correlated with the temperature dependence of the magnetization
according to the Callen-Callen model. The temperature dependence of the volume contribution
to the perpendicular magnetic anisotropy is fully explained by the temperature dependence of
the magneto-elastic anisotropy. A temperature-driven morphological transformation occurring
at a temperature higher than 550 K depending on the film thickness is observed.
The thin Fe3Si binary Heusler structure epitaxially grown on MgO(001) is investigated. In
addition to the structural properties, magnetic anisotropy, magnetization, g-factor, spin, and or-
bital magnetism, the magnetic relaxation mechanisms are determined as a function of Si concen-
tration, sample treatment, and film thickness. The Arias and Mills model is confirmed yielding
a quantitative explanation for the magnetic relaxation parameters from the ferromagnetic reso-
nance linewidth. Two relaxation channels, i.e. dissipative isotropic Gilbert damping as well as
anisotropic two-magnon scattering are simultaneously identified. It is demonstrated that chang-
ing the film thickness from 8 to 40 nm and slightly modifying the Fe concentration influences
the relaxation channels and can be used to tune the relaxation rates.
i
Abstract
ii
Kurzfassung
Das Wachstum, die magnetische Anisotropie, der g-Faktor und die Magnetisierung von auf
GaAs(001), InAs(001) und InP(001) gewachsenen Fe-Monolagen wurden durch eine Kombi-
nation von in situ UHV ferromagnetischer Resonanz und SQUID-Magnetometrie als Funktion
der Temperatur und Schichtdicke untersucht. Gitterfehlanpassung und Oberflächenrekonstruk-
tion verursachen eine Gitterverspannung, deren Einfluß auf dei magnetische Anisotropie quan-
tifiziert wurde. Bei allen Systemen wurde bei Zimmertemperatur ein Spinreorientierungsüber-
gang in der Ebene beobachtet. Um die leichte Richtung, den Spinreorientierungsübergang
und die Anisotropiebeiträge zu erklären, wurde ein magnetoelastisches Modell herangezo-
gen, für das mit Hilfe niederenergetischer Elektronenbeugung die Gitterverspannung direkt
gemessen worden ist. Während dieses Modell eine quantitative Erklärung für die senkrechte
Anisotropie gibt, muss man für die Anisotropie in der Ebene die veränderte elektronische
Struktur an der Grenzfläche mit berücksichtigen. Der Einfluss von Ag- und Au-Puffer- und Ab-
deckschichten auf die magnetischen Anisotropiebeiträge wurde untersucht. Hierzu wurden die
temperaturabhängige magnetische Anisotropie, die Oberflächen-/Grenzflächen und Volumen-
beiträge zur magnetischen Anisotropie von Fe-Monolagen auf GaAs(001) bestimmt. Im Rah-
men des "Callen-Callen" Modells wurde der erwartete Zusammenhang zwischen magnetischer
Anisotropie und Magnetisierung in dünnen Filmen bestätigt. Die Temperaturabhängigkeit des
Volumenbeitrages zur senkrechten magnetischen Anisotropie wurde durch die Temperaturab-
hängigkeit der magnetoelastischen Anisotropie vollständig erklärt. Es wurde beobachtet, dass
Fe-Filme eine temperaturgesteuerte, morphologische Umwandlung zeigen, die in Abhängigkeit
von der Schichtdicke bei Temperaturen von mehr als 550 K auftritt.
Ferner wurden die auf MgO(001) epitaktisch gewachsene, dünne, binäre, Fe3Si Heusler-
legierung untersucht. Zusätzlich zu den strukturellen Eigenschaften wurden die magnetische
Anisotropie, die Magnetisierung, der g-Faktor, der Spin- und Bahnmagnetismus, und die mag-
netischen Relaxationsmechanismen als Funktion der Si-Konzentration, Probenbehandlung und
Schichtdicke untersucht. Das "Arias-Mills" Modell wurde bestätigt und benutzt, um die mag-
netischen Relaxationsparameter zu bestimmen. Zwei unterschiedliche Relaxationskanäle, die
dissipative, isotrope Gilbert-Dämpfung sowie die anisotrope Zwei-Magnonenstreuung wurden
gleichzeitig identifiziert. Es konnte gezeigt werden, dass sowohl eine Änderung der Schicht-
dicke von 8 zu 40 nm als auch eine Modifikation der Fe-Konzentration die Relaxationskanäle
beeinflussen, und somit dazu verwendet werden können, die Relaxationsraten festzulegen.
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List of acronyms and abbreviations
AES Auger electron spectroscopy
bcc body-centered cubic
BLS Brillouin light scattering
CEMS conversion electron Mössbauer spectroscopy
DFT density functional theory
EDX energy dispersive X-ray analysis
FM ferromagnet or ferromagnetic
FMR ferromagnetic resonance
LDA local density approximation
LEED low-energy electron diffraction
LL Landau-Lifshitz
LLG Landau-Lifshitz-Gilbert
LT low temperature
MAE magnetic anisotropy energy
ML monolayer(s)
MOKE magneto-optical Kerr effect
MTJ magnetic tunnelling junction
RPA random phase approximation
RT room temperature
RHEED reflection high-energy electron diffraction
SC semiconductor or semiconducting
SQUID superconducting quantum interference device
SRT spin reorientation transition
STM scanning tunnelling microscopy
TBKKR tight-binding Korringa-Kohn-Rostoker
Ta annealing temperature
TC Curie temperature
TMR tunnelling magnetoresistance
UHV ultrahigh vacuum
VSM vibration sample magnetometry
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List of symbols
a lattice constant
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B induction magnetic field
Beff effective field
Bi i-th magneto-elastic coupling constant
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d film thickness
D exchange stiffness
dc critical thickness
e elementary charge (= 1.602·10−19 C)
E energy, electrical field
f frequency
F free energy density
g g-factor
gelectron g-factor of a free electron (= 2.0023193043718)
G Gilbert damping parameter
h Planck’s constant (=6.626069 · 10−34 Js)
H magnetic field strength
î, ĵ, k̂ unit vectors in Cartesian coordinate system
k electron wave vector
K2⊥ perpendicular uniaxial magnetic anisotropy constant
K2‖ in-plane uniaxial magnetic anisotropy constant
K4 cubic anisotropy constant
Ksi,effi effective surface-interface contribution to the magnetic anisotropy constant
Kvi volume contribution to the magnetic anisotropy constant
M magnetization vector
me mass of electron (=9.10938188 · 10−31 kg)
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1. Introduction
In the emerging field of semiconductor spin transfer electronics (‘spintronics’) one seeks to
exploit the spin of electrons injected into semiconductors. It is widely expected that new func-
tionalities for electronics and photonics can be derived, if the injection, transfer, manipulation,
and detection of the electron spin can be controlled above room temperature. The spin polarized
electrons can be realized by employing conventional ferromagnets with a high degree of spin
polarization at the Fermi level (see Fig. 1.1(a)) or by a second class of materials so called half
metallic Heusler alloys. Half metallic means that one spin channel is metallic whereas the other
one is semiconducting (a schematic half metallic band structure is shown in Fig. 1.1(b)). A num-
ber of experiments reported successful and efficient spin injection from a ferromagnetic metal
into a semiconductor even at room temperature by ballistic transport (i.e. Schottky barriers and
tunnelling) [1–7].
In order to get high spin polarization at room temperature one should use materials with a
high Curie temperature. A low Curie temperature leaves only a small fraction of the full spin
polarization at room temperature (RT). Due to their high Curie temperature and technological
importance Fe-based ferromagnets (i.e. Fe and Fe3Si) on different semiconducting substrates
were investigated in this thesis.
The main goal of this work is to understand the interplay between crystal structure and
magnetism in well ordered magnetic monolayers on the (001)-surface of different types of III-V
semiconducting substrates. In order to control the magnetic anisotropy, two different groups of
semiconductors with different lattice mismatches (positive and negative, see Fig. 1.1(c)) were
used as substrates: As-based semiconductors (i.e. GaAs, InAs) and In-based semiconducting
substrates (i.e. InAs, InP).
The Fe/GaAs system has a lattice mismatch of  =-1.6%. Numerous works on covered Fe lay-
ers were carried out ex situ [8–15], and only just a few works [16] were performed on uncapped
Fe/GaAs. Its magnetic properties and the influence of buffer and capping layers in the mono-
layer regime were not well understood at the begining of this thesis. The Fe/GaAs samples
studied here were grown, characterized and measured in situ under a UHV condition and in a
wider range of temperature and thickness than in any previous experiment. The absolute value
of the magnetic anisotropy terms has been determined by performing in situ FMR and in situ
SQUID measurements on the same samples.
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Figure 1.1.: (a) Schematic representation of the Fe band structure. (b) Half metallic band structure. (c)
Band gap versus lattice parameter of various semiconductors. The marked semiconductors are used in
this work as substrates.
Since interface modification is the key for spintronics and it is well-known that the
Ag/GaAs interface is thermodynamically much more stable than the Fe/GaAs interface [17],
Fe/Ag/GaAs(001) was investigated. Moreover, it has been predicted that the Ag/Fe(100) has a
strong spin dependence of the interface resistance and should therefore be a good polarizer [18]
and consequently, a strong spin transfer effect can be expected in systems including an Fe/Ag
interface [19]. The Ag/Fe/GaAs(001) system was studied as well.
The second candidate for spintronics is Fe/InAs(001). The spin injection through an
Fe/InAs interface has been predicted by Zwierzycki et al. [20] and later demonstrated by Ohno
et al. [21] who found a circular polarization of about -12% at T=6.5 K and an applied magnetic
field of 10 T. InAs has a narrow band-gap (less than 0.4 eV) and therefore, the Fe/InAs is an
ideal ohmic contact as reported by Xu et al. [22]. Moreover, InAs is a very good candidate
for high speed electronics and infrared optoelectronics, due to its large electron mobility (larger
than 3.5 m2
V s
) and considerably high Rashba effect. In this work the epitaxial growth and the mag-
netic anisotropy of Fe monolayers grown on {4×2}InAs were studied in situ, i.e. under UHV
conditions. As mentioned above the Fe/InAs is an ideal ohmic contact. Since a Schottky barrier
is needed for spintronic applications [23], the different possibilities to produce a Schottky con-
tact between Fe and InAs has been proposed. The barrier height of the clean Au/InAs interface
was found by Oher et al. to be 10±5 meV [24] and an extraordinary magnetoresistance effect
was observed in a hybrid device consisting of an Au film with an InAs-based two-dimensional
electron system [25]. Therefore a technological relevant device can be realized by growing an
atomically ordered Au layer between Fe and InAs. In order to better understand the role of
the Au/Fe interface in our layered structure both Fe/Au/InAs(001) and Au/Fe/Au/InAs(001)
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systems are investigated.
The third candidate for spintronic devices is Fe/InP. InP has a band gap of Vg = 1.34 eV
very close to the one of GaAs Vg = 1.43 eV (which is relevant for magneto-electronic appli-
cations). The lattice mismatch is positive in contrast to GaAs with a value of  = +2.2%. This
yields a tensile strain in the film plane along a particular direction and consequently changes
the magnetic properties at the interface. The thickness dependence of the different anisotropy
contributions as well as the magnetization is determined and discussed. Moreover, it will be
demonstrated how the strain at the interface influences the interfacial properties of the magnetic
anisotropy.
Fe3Si, which is a binary Heusler alloy with a cubic D03 structure is another interesting
material for spin injection into semiconductors. It has a spin polarization of 43% and a high
Curie-temperature Tc =820 K [26–28]. In order to use of Fe3Si in future magneto-electronic
and spintronic devices the growth of well ordered ultrathin magnetic structures is required and
the magnetic properties as a function of the temperature and thickness need to be understood.
In contrast to bulk samples the epitaxial growth and magnetic properties of Fe3Si films on semi-
conducting substrates has been investigated by a few groups only, i.e. Fe3Si/Si(Ge) [29–34]
and Fe3Si/GaAs(001) [35–43]. According to our knowledge no data on growth and/or magnetic
characterization of Fe3Si/MgO(001) has been reported in literature. The growth of Fe3Si films
on MgO(001) substrates is of interest in conjunction with the tunnel magnetoresistance (TMR)
effect. The TMR effect results from the quantum mechanical tunnelling effect with spin-splitted
transition probabilities. The TMR can be illustrated well by a simple system of two ferromag-
netic layers separated by an insulating spacer layer. It has been predicted [44] and later demon-
strated [45–47] that the TMR effect can be enhanced just by replacing the amorphous Al2O3
spacer layer by a crystalline MgO layer in FM/MgO/FM magnetic tunnelling junctions (MTJ).
In this work the structural, static and dynamic magnetic properties of Fe3Si films epitaxially
grown on MgO(001) are investigated as a function of the film thickness, sample treatment, and
Si concentration. The magnetic anisotropy, magnetization, g-factor, spin and orbital magnetic
moments as well as magnetic relaxation parameters are quantitatively determined for the first
time.
The thesis is organized as follows: Chapter 2 includes some theoretical aspects to provide a
background which is relevant for this thesis. Chapter 3 provides a short overview of the differ-
ent experimental setups which are designed, developed and employed during this work and the
focus will be put on the in situ ferromagnetic resonance setup.
The experimental results and discussion for Fe/GaAs(001) and Ag/Fe/GaAs(001) are pre-
sented in Chapter 4 whereas in Chapter 5 the results for Fe/Ag/GaAs(001) are discussed.
The magnetic anisotropies of the Fe/InAs and Fe/Au/InAs systems are outlined in Chapter
6 and those of Fe/Au/InAs(001) and Au/Fe/Au/InAs(001) are presented in Chapter 7.
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Chapter 8 discuss the results of Fe/InP(001) where the thickness dependence of the mag-
netic anisotropy constants as well as the onset of ferromagnetic ordering of Fe/InP(001) are of
concern.
Chapter 9 provides a comparison among the magnetic parameters of the Fe/semiconductor
structures investigated in this thesis.
In Chapter 10 the results of ex situ structural and magnetic characterizations of
Fe3Si/MgO(001) are presented. Both static and dynamic magnetic properties are discussed.
The magnetic anisotropy, magnetization, g-factor, spin, and orbital moments are discussed in
detail. The spin dynamics in this binary Heusler structure are understood by proposing a gen-
eral model. Moreover, the Si concentration dependence around the optimum concentration of
25% Si:75% Fe on the magnetic properties is investigated. The experimental results of spin and
orbital magnetic moment are compared to the calculated results of density functional theory.
4
2. Theoretical background
In this chapter the basic aspects of ferromagnetism in ultrathin magnetic structures are sum-
marized. The different contributions to the magnetic anisotropy are discussed. The resonance
equations, which satisfy the resonance condition in the small angle limit of precessional motion
are described. The relaxation mechanism is explained in terms of different contributions to the
ferromagnetic resonance linewidth.
2.1. Magnetocrystalline anisotropy
The magnetocrystalline anisotropy energy (MAE) is the difference in the free energy associated
with different directions of the magnetization with respect to the crystallographic axes of the
crystal. The orientation of the magnetization is therefore given by the equilibrium condition
where the magnetic part of the total energy of the system is minimal. In the following, we briefly
review the intrinsic contributions to the overall measured phenomenological magnetocrystalline
anisotropy constants Ki.
In principle, only two origins for MAE exist, (i) the so-called shape anisotropy due to dipo-
lar interactions and (ii) MAE resulting from the spin-orbit interactions. In terms of quantum
mechanics both mechanisms are relativistic corrections to the Hamiltonian-operator of the sys-
tem that break the rotational symmetry of the spin quantization axis, thus coupling the spin to
the real space, i.e. the crystal lattice. Note, that exchange interaction within the widely used
Heisenberg model is isotropic, since the corresponding Hamiltonian contains no spatial coordi-
nates.
Magnetic anisotropy due to dipolar interaction
One source for magnetic anisotropy results from the fact that a single magnetic dipole μi creates
a magnetic field, which at the position ri is given by:
Bi(ri) =
μ0
4π
(
3(ri · μi) · ri
r5i
− μi
r3i
)
(2.1)
Another magnetic dipole μj at the distance rij in the field of the first dipole has the energy
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Edip = −μj · Bi = μi · μj
r3ij
− 3(rij · μi) · (rij · μj)rij
r5ij
(2.2)
Due to the periodic ordering of the dipoles within a crystal lattice, the magnetic interaction
energy according to Eq. (2.2) depends on the orientation of the dipoles relative to the crystal
lattice.
Magnetic anisotropy due to spin-orbit coupling
The spin-orbit coupling is the direct source of MAE. The orbital moment of bulk 3d metals
is almost quenched due to cubic symmetry. Therefore, the magnetism of bulk 3d metals is
mainly due to the spin moment, which can be understood from measurements of the g-factor
(g = 2.0023 indicating complete quenching of the orbital moment). The g-factor for bulk 3d
metals is close to the ‘spin-only’ value, which means that the magnetism in these transition
metals can be ascribed mainly to the spin of the delocalized 3d electrons. The electron spin,
however, is weakly coupled to the orbital moment via spin−orbit coupling, and consequently
the energy of the system depends on the relative orientation between the magnetization (spin
orientation) and crystal axes.
To see how the spin couples to the lattice, consider a free atom: an electron travelling with a
velocity v on a classical trajectory around the nucleus, experiences the electric field E generated
by the screened nucleus in the form of a magnetic field (from the screened nucleus), B = 1
c
E×v.
This field will couple to the magnetic (spin) moment μ of the electron as −μ · B 1. If we
assume that in a solid the crystal field forces the electron to move in a certain crystallographic
plane, the electron spin will be aligned in a direction normal to this plane. In such a way, a
uniaxial anisotropy can arise regardless of the shape of the crystal. To treat this quantitatively
on a quantum-mechanical basis, it is necessary to start from the Dirac equation (see Ref. [48]
for more details). This is because the Dirac equation like the Schrödinger equation contains
no term that differentiates between the various magnetization directions even for a magnetic
system. But if we include the relativistic mass-velocity term from the Pauli equation (a two-
component approximation to the Dirac equation) in a simple case for a free atom we get the
following correction term to the Hamiltonian:
σ ·
(
E(r)× p
)
= σ ·
(
∇V (r)× p
)
=
1
r
dV (r)
dr
σ · (r × p) = 1
r
dV (r)
dr
(σ · L) = ξσ · L (2.3)
It is a relativistic correction (factor 1/c ) that leads to the coupling between spin-space (σ)
and E(r). L is the orbital momentum operator. The term ξσ · L is called the spin-orbit coupling
1Although this interaction has the form of a Zeeman term (the interaction of the spin with an external magnetic
field), due to kinematical effects, this spin-orbit interaction is smaller by a factor of two. The origin of this
effect is called Thomas-precession.
6
2.1. Magnetocrystalline anisotropy
(SOC) term with the spin-orbit coupling constant ξ. Since the radial derivative of the potential
in a crystal will be largest in the vicinity of a nucleus, we can expect that the major contribution
to the spin-orbit interaction will come from this region.
A large MAE can be expected in ultrathin films due to the reduced symmetry of distorted
lattices, interfaces, surfaces, and the presence of microscopic roughness. It is shown by a pertur-
bation theory approach that the energy difference between easy and hard direction Δε is linked
to the anisotropy of the orbital moment, and for a more than half-filled d-shell
Δε ∝ j ξ
4μB
(
μ
‖
L − μ⊥L
)
(2.4)
where the factor j depends on the details of the band structure and also on the magnitude of the
orbital moment [49].
In order to calculate the magnetic anisotropy energy for thin films one usually calculates
the electronic structure by means of the local spin density approximation (LSDA) using a
parametrization for the exchange correlation energy and potential [50]. This part of the MAE
(the electronic part) is defined as the difference in total energy of the system for two differ-
ent directions of the magnetization M . To make an accurate calculation the fully relativistic
spin-polarized version of the tight-binding Korringa-Kohn-Rostoker (TBKKR) method has to
be applied because of the very small contribution of the MAE to the total energy of the system.
Magneto-elastic anisotropy
Once one realizes that the MAE is a quantity describing the interaction between the electron
spin and the lattice, it is intuitively clear that changes of the lattice constant will affect the
magnetic properties. In a magnetized body one has energy terms that depend both on the strain
and the magnetization direction: the magneto-elastic energy. Although resulting from the same
origin, namely the spin-orbit interaction, magneto-elastic anisotropies only exist when stress is
exerted on the magnetic system. For instance in iron, the effect of tension on a single crystal is to
create a preferred direction of magnetization parallel to the direction of stress. The experimen-
tally obtained magneto-elastic constants are significantly larger than the crystalline anisotropy
constants [51]. As a consequence, even small strain may give rise to an important anisotropy
contribution. Moreover, this phenomenon may be of importance in epitaxial structures, where
considerable strain may result from the epitaxial growth of the film on a substrate or adjacent
layers having different lattice parameters. If the lattice mismatch is not too large, below a crit-
ical thickness dc (coherent regime), the misfit is accommodated by introducing a tensile strain
in one layer and a compressive strain in the other, such that both adopt the same in-plane lattice
parameter. So, for relatively thin films the strain and the magneto-elastic coupling are indepen-
dent of thickness. Above the critical thickness dc, it becomes energetically more favorable to
introduce misfit dislocations which partially accommodate the lattice misfit, allowing the uni-
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form strain to be reduced (incoherent regime). In the incoherent regime, the contribution to the
magneto-elastic energy is given by a reciprocal thickness dependence.
Generally, the magneto-elastic part of the magnetic anisotropy for a cubic system can be
written as [52]:
FMEL = B1
(
α2111 + α
2
222 + α
2
333
)
+ 2B2 (α1α212 + α2α323 + α3α131)
+ B3
(
α4111 + α
4
222 + α
4
333
)
+ B4
(
α22α
2
311 + α
2
3α
2
122 + α
2
1α
2
233
)
+ 2B5
(
α23α1α212 + α
2
2α1α313 + α
2
1α2α323
)
+ . . . . (2.5)
where ij are the strain components, Bi the magneto-elastic coupling constants and αi the di-
rection cosines (see coordinate system in Fig. 2.2) given by
α1 = sin θ cosφ
α2 = sin θ sinφ
α3 = cos θ (2.6)
In order to calculate the magneto-elastic part one needs to measure Bi. If i = j in Eq. (2.5)
the strain is along the cubic 〈100〉 axes, for i = j the strain is along the 〈110〉 axes. While the
former type of strain leads to a change of the volume of the unit cell, the latter is equivalent to
a shearing of the lattice keeping the volume constant. The strain components ij are related to
each other. For cubic symmetry the out-of-plane strain component 33 is related to the in-plane
ones by elastic constants, cij [52,53]:
(100) =⇒ 33 = −c12
c11
(11 + 22); 1 : [100], 2 : [010]
(110) =⇒ 33 = −(c11 + c12 − 2c44)(11 + 2c1222)
(c11 + c12 + 2c44)
; 1 : [110], 2 : [001]
(111) =⇒ 33 = −(c11 + 2c12 − 2c44)
(c11 + 2c12 + 4c44)
(11 + 22); 1, 2 : ⊥ arbitrary axes (2.7)
2.2. Landau-Lifshitz-Gilbert equation of motion
The motion of an exited magnetization M in general can be described by
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1
γ
∂ M
∂t
= −
[
M × Beff
]
+ R (2.8)
where Beﬀ is the effective field2 which consists of external as well as internal fields, γ is the
gyro-magnetic ratio given by gμB/ where g is the g-factor. The first term on the right hand
side represents the precessional torque and the last one represents the damping term which
may be written in different phenomenological forms (e.g. Gilbert, Landau-Lifshitz, Bloch-
Bloembergen, see Sec. 2.3).
For the uniform precession in the classical limit without any dephasing of the spins, the
spin motion can be described by the well-known Landau-Lifshitz (LL) equation of motion
1
γ
∂ M
∂t
= −
[
M × Beff
]
+
λ
μ0γ2M2
(
M × M × Beff
)
(2.9)
Here λ is the LL damping parameter. For small damping the LL term can be replaced by the
Gilbert damping term resulting in the Landau-Lifshitz-Gilbert (LLG) equation of motion [54]
1
γ
∂ M
∂t
= −
[
M × Beff
]
+
α
γM
(
M × ∂
M
∂t
)
(2.10)
where α is the damping parameter and is related to the Gilbert damping parameter G, according
to: α = G/γM .
2.3. Uniform ferromagnetic resonance
The resonance equation can be derived by solving the ‘complete’ ferromagnetic resonance
(FMR) theory and considering the dynamical effects of exchange/conductivity and of surface
anisotropy (for more details see [55]).
Here we use the free energy approach developed by Smit and Beljers [56] in order to derive the
resonance equations [57–60]. We assume that the sample is statically and dynamically homo-
geneously magnetized i.e. we neglect the influence of exchange energy and we approximate the
surface magnetic energy by an effective volume anisotropy3. To consider the symmetry of the
2Throughout this thesis H and M are given in Ampere per meter [A/m] and B is given in Tesla [T], B =
μ0( H + M).
3In order to support this assumption we have also calculated the dynamical effects of exchange/conductivity and
of surface anisotropy (assumed as uniaxial with symmetry axis along the sample normal) on the resonance
field intensities using the "complete" FMR theory. The field differences between the results of the "complete"
theory and the Smit and Beljers approach are less than the accuracy of the resonance field measurement (less
than 0.1 mT), for the applied magnetic field along the film normal and parallel to the film plane for the used
ranges of film thicknesses and microwave frequencies.
9
2. Theoretical background
Figure 2.1.: Schematic drawing of the precession of the magnetization in resonance condition without
magnetic damping effect.
given lattice it is always helpful to use polar coordinates. In the first step we neglect the mag-
netic damping effect, therefore, the precession of the total magnetic moment in the resonance
condition can be described by the first term in LLG equation of motion. In Fig. 2.1 a schematic
illustration of this mechanism is given.
According to Fig. 2.1 the motion of magnetization can be described as:
θ˙ = γBeff,φ φ˙ = − γ
sin θ
Beff,θ (2.11)
The different contributions to Beff have to be taken into consideration through the free energy
F .
dF = Beff · d M (2.12)
Now let us define the free energy partial derivatives at the equilibrium conditions
Fθ ≡ dF
dθ
|θ != 0 Fφ ≡ dF
dφ
|φ != 0 (2.13)
For a small precession angle we have
δθ = θ(t)− θ δφ = φ(t)− φ (2.14)
By combining Eq. (2.11) and (2.14) together with Eq. (2.13) one can write
−M
γ
sin θ
∂ (δθ)
∂t
= Fφθδθ + Fφφδφ
M
γ
sin θ
∂ (δφ)
∂t
+ Fθθδθ + Fθφδφ (2.15)
By assuming δθ, δφ ∼ exp(iωt), the precession of a total magnetic moment with free energy F
occurs at the resonance frequency f = ω
2π
given by
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(
ω
γ
)2
=
1
M2 sin2 θ
[
∂2F
∂θ2
∂2F
∂φ2
−
(
∂2F
∂θ∂φ
)2]
(2.16)
One can do the same calculation without neglecting the damping effect. Consequently, the
resonance equation will include the damping parameter.
(
ω
γ
)2
=
1 + α2
M2 sin2 θ
[
∂2F
∂θ2
∂2F
∂φ2
−
(
∂2F
∂θ∂φ
)2]
(2.17)
Although Eq. (2.17) is mathematically correct, it is physically not convenient, because the ori-
gin of the different terms in F is obscured by an angular-dependent mixing. This mixing was
avoided by Baselgia et al. [61] who derived the following relation:
(
ω
γ
)2
=
1 + α2
M2
[
∂2F
∂θ2
(
1
sin2 θ
∂2F
∂φ2
+
cos θ
sin θ
∂F
∂θ
)
−
(
1
sin θ
∂2F
∂θ∂φ
− cos θ
sin2 θ
∂F
∂φ
)2]
(2.18)
The partial derivatives are evaluated at the angles θ and φ which minimize F . Note, that the
resonance frequency is given by the second derivatives of F , and thus is essentially a measure
of the curvature of F , or the stiffness of M . In a conventional ferromagnetic resonance (FMR)
experiment the magnetization is perturbed at a constant microwave frequency ωm and F is
modified by varying an applied external field. The field needed to change F such that ω =
ωm is referred to as the resonance field, Bres. If the magnetization is oriented along a free
energy minimum or easy direction of the added energy, the curvature of F is increased and
the applied field needed to make the resonance frequency equal to the microwave frequency
Bres is decreased. Similarly, if the magnetization is oriented along a free energy maximum,
(the hard direction of the additional energy) Bres is increased. An increased value of Bres with
respect to the resonance field of the easy direction therefore corresponds to a hard direction and
a decreased value of Bres corresponds to an easy direction. For a ferromagnetic film with cubic
symmetry the free energy density F includes the Zeeman energy, the demagnetizing energy, the
perpendicular uniaxial K2⊥ as well as the cubic K4 anisotropy energy density:
F = − M · B +
(
1
2
μ0M
2 −K2⊥
)
α2z + K4(α
2
xα
2
y + α
2
xα
2
z + α
2
yα
2
z)
= −MB [sin θ sin θB cos(φ− φB) + cos θ cos θB]
−
(μ0
2
M2 −K2⊥ −K4
)
sin2 θ − K4
8
(7 + cos 4φ) sin4 θ (2.19)
Here θB(φB) is the polar (azimuthal) angle of the external field B with respect to the
[001]([100])-direction, θ (φ) is the polar (azimuthal) angle of the magnetization with respect
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M
B

B

B
[100]
[010]
[0
0
1
]
Figure 2.2.: Schematic drawing of the coordinate system used to analyze the FMR data.
to the [001]([100])-direction and the αi are the direction cosines according to the coordinate
system shown in Fig. 2.2. In the case of ultrathin ferromagnetic films on semiconducting sub-
strates in addition to the anisotropy terms which are included in Eq. (2.19) a strong in-plane
anisotropy (K2‖) of uniaxial character has been observed, which has to be added to the phe-
nomenological free energy, (2.19) leading to:
F = − M · B +
(
1
2
μ0M
2 −K2⊥
)
α2z + K2‖α
2
e.a. + K4(α
2
xα
2
y + α
2
xα
2
z + α
2
yα
2
z)
= − MB [sin θ sin θB cos(φ− φB) + cos θ cos θB]
−
(
1
2
μ0M
2 −K2⊥
)
cos2 θ + K2‖ sin2 θ cos2(φ− δ)
+ K4 sin
2 θ − K4
8
(7 + cos 4φ) sin4 θ (2.20)
δ is the angle between the easy axis of the twofold in-plane anisotropy K2‖ with respect to the
easy axis of the fourfold anisotropy, αe.a. is the direction cosine with respect to the easy in-plane
direction. In case that the sample cannot be treated as a quasi infinite film, demagnetizing effects
in the film plane have to be considered. For an ultrathin film and following the approach of [56]
that considers the equilibrium condition of the magnetization under a steady field and neglecting
magnetic damping effects, the resonance condition (2.18) for the out-of-plane geometry, for
which the external field is varied from the film normal [001] to the [11¯0]-direction is given by
the following equation [62]:
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(
ω
γ
)2
=
{
Bres⊥ cosΔθ +
[
μ0Meﬀ +
K4
2M
+
2K2‖
M
cos2
(π
4
+ δ
)]
cos 2θeq
+
3K4
2M
cos 4θeq
}
·
{
Bres⊥ cosΔθ +
[
μ0Meﬀ +
K4
M
+
2K2‖
M
cos2
(π
4
+ δ
)]
× cos2 θeq + 3K4
M
cos4 θeq − 2K4
M
+
2K2‖
M
sin 2δ
}
−
[
K2‖
M
cos θeq cos 2δ
]2
(2.21)
Here Δθ = θeq − θB and μ0Meﬀ = 2K2⊥M − μ0M denotes the effective out-of-plane anisotropy
field. For μ0Meﬀ < 0 (> 0) the easy axis of the system lies in (normal to) the film plane. For
the in-plane configuration and for θB=90 the resonance condition becomes
(
ω
γ
)2
=
{
Bres‖ cosΔφ− μ0Meﬀ − 2K4
M
+
K4
2M
[7 + cos 4φeq] +
2K2‖
M
cos2(φeq − δ)
}
×
{
Bres‖ cosΔφ +
2K4
M
cos 4φeq +
2K2‖
M
cos 2(φeq − δ)
}
(2.22)
where Δφ = φeq−φB, Bres‖ is the resonance field, and θeq(φeq) is the polar (azimuthal) equilib-
rium angle of the magnetization with respect to the film normal ([001]-direction), which is de-
termined by the minimum of the free energy density (2.20). In order to determine the anisotropy
fields, which are defined by the anisotropy values Ki divided by M , one needs to perform a full
polar and azimuthal angular dependence of the resonance field at a fixed frequency and fit the
data points with Eq. (2.21) and Eq. (2.22) (the fitting parameters are the anisotropy fields).
In the special case that the magnetic field is oriented in the film plane and along the [11¯0]-
or [100]-direction Eq. (2.22) can be simplified to [62]:
B ‖ [110] =⇒
(
ω
γ‖
)2
=
(
Bres‖ − 2K4
M
− 2K2‖
M
)(
Bres‖ − μ0Meﬀ + K4
M
)
(2.23)
B ‖ [100] =⇒
(
ω
γ‖
)2
=
(
Bres‖ +
2K4
M
)(
Bres‖ − μ0Meﬀ + 2K4
M
)
(2.24)
and for the [001]-direction ( B is applied parallel to the film normal) Eq. (2.21) can be written
as:
B ‖ [001] =⇒ ω
γ⊥
= Bres⊥ +
(
μ0Meﬀ +
2K4
M
)
(2.25)
One should note that Eqs. (2.23), (2.24) and (2.25) are only valid for the saturated condition, i.e.,
B is strong enough to align all magnetic moments parallel to its direction (φB = φeq, θB = θeq).
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In an FMR experiment, however, for specific anisotropy values the resonance condition can
also be fulfilled when the magnetization is not parallel to the external magnetic field direction
B. This causes an additional signal at smaller fields with lower intensity (unsaturated mode).
Such unsaturated resonance modes have been observed in our samples and will be discussed
later. In order to find the dispersion relation (frequency versus field) for the unsaturated mode
(unsaturated branch) numerical calculation is needed.
Equations (2.23) and (2.24) indicate that the squared resonance frequency versus the res-
onance field is a parabolic function for the in-plane 〈100〉- and 〈110〉-directions but for the
perpendicular configuration ( B ‖[001]) the frequency is linear with Bres⊥ (see Eq. (2.25)).
Therefore, in order to precisely determine the g-factor one needs a frequency dependent mea-
surement to suppress the effect of anisotropy fields on the determination.
In order to separate the different anisotropy contributions into volume and surface-interface
contributions one also needs to do a full thickness dependent measurement. The thickness de-
pendence of each anisotropy constant can be fitted by a constant term representing a volume
contribution (Kvi ) and an effective surface-interface contribution (Ks,eﬀi ) being proportional to
1/d where d is the thickness of the film.
Ki = K
v
i +
Ks,eﬀi
d
i = 2, 4, 6 (2.26)
2.4. Relaxation mechanisms
The magnetic relaxation process can be described by the LLG equation of motion (Sec.
2.2). In an FMR experiment the homogeneous microwave field couples to the uniform mode of
magnetization, for which all spin rotate in phase (wave vector k = 0). This uniform mode may
not only decay via direct dissipation to the lattice, but also via dissipation to the other spin-wave
(k = 0) modes (i.e. keeping the energy within the spin system), which then dissipate the energy
to the lattice. The viscous damping is a direct energy dissipation to the lattice and is irreversible.
Figure 2.3 shows the possible processes during magnetization dynamics. Path (1) indicates the
viscous damping and path (2) denotes a decay into nonuniform spin-waves (k = 0), which
finally decay to the lattice via path (3). In other words path (2) indicates that the energy of the
uniform precession might dissipate to the lattice via an intermediate reversible state. This state
may include high energy magnons or Stoner excitation for instance (for better understanding
see the schematic illustration of the spin-wave dispersion curve in Fig. 2.6 and also Sec. 2.4.2 ).
A description for such a process can be given by the Bloch-Bloembergen [64,66] descrip-
tion:
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Figure 2.3.: Schematic drawing of the possible paths of the relaxation of the magnetization precession
[63–65].
1
γ
∂ M
∂t
= −
[
M × Beff
]
− Mx
γT2
iˆ− My
γT2
jˆ −
[
Mz −Ms
γT1
]
kˆ (2.27)
Here T1 denotes the direct dissipation to the lattice, the so-called longitudinal relaxation rate,
whereas T2 is the transverse relaxation (in this case the energy is scattered to the transverse
components of the magnetization). A schematic illustration of both phenomena is given in Fig.
2.4. The magnetization vector according to the LLG equation spirals towards direction of the
effective magnetic field (Fig. 2.4 (a)). The length of M staying constant, while Mz increases,
whereas in the Bloch-Bloembergen case the z-component stays constant if T1  T2, since the
energy is scattered into the transverse components of the magnetization (Fig. 2.4 (b)).
In the following we introduce two different mechanisms, which are important for under-
standing the relaxation mechanisms shown as path (1) and (2) in Fig. 2.3.
Figure 2.4.: Schematic illustration of (a) LLG and (b) Bloch-Bloembergen damping.
2.4.1. Gilbert mechanism
Following the free energy approach discussed in the last section the intrinsic part of the FMR
linewidth can be derived from Eq. (2.17) as [67]:
Δω =
γα
M
(
∂2F
∂θ2
+
1
sin2 θ
∂2F
∂φ2
)
; ΔBHWHM =
dB
dω
Δω (2.28)
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Assuming an perfectly uniform magnetized sample with no variation of the local anisotropy
fields, the FMR linewidth can be roughly expressed as [67]:
ΔBHWHM ≈ α
γ
ω
cosβ
(2.29)
where β is the angle between M and B, i.e. for in-plane configuration β = φB − φeq and for
out-of-plane configuration β = θB − θeq. It should be noted that ΔBHWHM introduced here is the
half width at half maximum of the FMR absorption spectra.
In the following we will discuss the spin-orbit relaxation as the origin for the spin-lattice
relaxation in metallic ferromagnets. Both spin-flip and ordinary processes will be briefly intro-
duced.
Spin-orbit relaxation
The following section is based on the book by Bland and Heinrich [60] .
One mechanism for spin relaxation has been proposed by Heinrich et al. [68] in 1967, which
is based on the s-d exchange interaction.
In this model the interaction of itinerant s-p like electrons with localized d-spins can be
obtained by integrating the s-d exchange energy density function.
Hsd =
∑
j
∫
V
J(rj − r)Sj,d · SS(r)dr3 (2.30)
where J (rj − r) is the s-d exchange interaction between the spin density, SS , of s-p like itiner-
ant electrons and the localized spins of the d-electrons, Sj,d. j is the lattice site. Two groups of
electrons have to be considered. Those that are mostly localized (here denoted as d-electrons)
and those that are itinerant (here denote as s electrons). In reality the itinerant electrons are
hybridized states of s-p and d electrons. The transverse interaction Hamiltonian involving only
the rf-components of magnetization vectors is described by three particle collision terms:
Hsd =
√
2S
N
∑
k
J(q)ak,↑a
†
k+q,↓bq + h.c. (2.31)
where N is the number of atomic sites, a (b) annihilates an electron (a magnon ) and a† (b†)
creates an electron (a magnon). The arrows ↑ and ↓ as subscripts show the spin direction (up
and down, respectively). A schematic illustration of this process is shown in Fig. 2.5
In principle, Eq. (2.31) indicates that the magnons and itinerant electrons are coherently
scattered by the s-d exchange interaction, which results in an electron-hole annihilation pair.
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q+k,
k,
hq
Figure 2.5.: Schematic illustration of the spin-flip scattering process. Here q (k) denotes the magnon
(electron) wave vector, σ and σ∗ represent the spin states.
This scattering (Fig. 2.5) does not lead to magnetic damping of magnons with the uniform
mode (q = 0). The coherent scattering of magnons with itinerant electrons has to be disrupted
by incoherent scattering with other excitations. The spin-flip hole-electron pairs can be inco-
herently scattered by thermally excited phonons. One can account for incoherent scattering by
including a finite lifetime for the electron-hole pair excitation. Therefore, the electron-hole pair
energy has an additional imaginary term
Δεk,k+q = εk+q,↑ − εk,↑ + i

τeff
(2.32)
where τeff is the effective lifetime and given by the spin-flip time of the electron-hole pair, τsf.τsf.
It is enhanced compared to the momentum relaxation time τm which enters in the conductivity.
The reason is that one needs to invoke spin-orbit interaction to flip the spin during the relaxation
process of electron-hole pairs by phonons. For simple normal metals τsf = τm/Δg2 [69], where
Δg is the deviation of the g-factor from the free electron value. Another estimation of τsf can be
given via the spin diffusion length. The spin diffusion length is a part of the spin accumulation
process which occurs in the current perpendicular to plane giant magnetoresistance (CPP GMR)
investigations [70–72] and is given by
lsd =
√
λmFMνF τsf
6
;
1
λmFM
=
1
2
(
1
λ↑
+
1
λ↓
)
=
ne2ρ∗
mνF
(2.33)
where λmFM is the effective momentum mean free path resulting from the momentum mean free
paths of the majority λ↑ and minority λ↓ electrons. υF is the Fermi velocity of the electrons
participating in the spin accumulation, n is the total density of conduction electrons. ρ∗ =
ρFM(1 − β2) where ρFM is the measured resistivity of the ferromagnet and β is a bulk spin
asymmetry coefficient.
The rf susceptibility can be calculated by using the Kubo Green function formalism in the
random phase approximation (RPA) [73].
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Gq,q′ = 〈bq|b†q′〉 = −iθ(t− t
′)
〈[
bq(t), b
†
q′
(t′)
]〉
(2.34)
Here, θ(t − t′), the Heaviside step-function denotes averaging over a grand-canonical en-
semble. Please note that brackets ‘[...]’ represent the commutative operator. The infinite chain
of higher-order Green functions is determined using contraction over operators a and b. By
defining an additional Green function,
Fk,k′,q = 〈ak,↑a†k′,↓|bq〉 (2.35)
the effective damping field can be given by the imaginary part of the Green function. After some
simplifications and assuming a sharp Fermi energy the Gilbert damping field can be written as
(for more details see [68])
H s-feff =
2〈S〉
NgμB
∑
k
|J(q)|2δ(εk − εF )ωq

τsf
1(
ω + εk,↑ − εk+q,↓
)2 (2.36)
where 〈S〉 = Ms(T )/Ms(0) denotes the reduced spin, n is the density of states, and gμB = γ
is a conversion factor, which converts the energy into a field. According to the fact that the
excitation energy of electron-hole pairs is dominated by the exchange energy in an uniform
ferromagnetic resonance, the Gilbert damping field can be written as
H s-feff =

2ωq
2Msτsf
∑
k
δ(εk − εF ) (2.37)
Comparing this equation with the Gilbert term in the LLG equation one can easily derive the
Gilbert parameter as
G =
χP
τsf
; χP =
(
γ
2π
)2 ∫
k2δ(εk − εF )dk = 2μ2Bn (εF ) (2.38)
where χP is the Pauli susceptibility of itinerant electrons and n(εF ) is the density of itinerant
electrons at the Fermi level.
Another model for spin-lattice relaxation has been proposed by Kamberský [74,75]. He
showed that the intrinsic damping in metallic ferromagnets can be derived from the spin-orbit
interaction Hamiltonian.
Hso =
1
2
√
2S
N
ξ
∑
k
∑
α,α′,σ
〈β|L+|α〉 c†β,k+q,σcα,k,σbq + h.c. (2.39)
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where ξ denotes the spin-orbit interaction coefficient, L+ = Lx + iLy is the right handed
component of the atomic transverse angular momentum, cβ,k+q,σ (c†β,k+q,σ), which annihilates
(creates) electrons in the appropriate Bloch states with the spin σ. bq annihilates the spin-wave
with the wave-vector q. The α and β subscripts represent the projected local orbitals of Bloch
states. In order to calculate the rf susceptibility one can use the Kubo Green function formalism
in RPA. The effective damping field is given by the imaginary part on the dominator of the
circularly polarized susceptibility.
G
γMs
ω
γ
=
〈s〉2
2Ms
ξ2
(
1
2π
)3 ∫
dk3
∑
α,β,σ
〈β|L+|α〉 〈α|L−|β〉 ×
δ
(
εα,k,σ − εF
)
ω
/τm(
ω + εα,k,σ − εβ,k+q,σ
)2
+ (/τm)
2
(2.40)
Here again 〈S〉 = Ms(T )/Ms(0) is the reduced spin. The relaxation time τsf is replaced by the
momentum relaxation time, τm which enters the conductivity of the ferromagnet.
For intraband electron transitions for low frequency spin-waves (q  kF ), the electron
energy balance ω + εα,k,σ − εα,k+q,σ = ω − (2/2m)
(
2k · q + q2
)
in the dominator of Eq.
(2.40) can be significantly less than /τm. After integration over the Fermi surface the Gilbert
parameter can be approximated by
G  〈S〉2
(
ξ

)2(∑
α
χαP 〈α|L+|α〉 〈α|L−|α〉
)
τm (2.41)
χαP is the Pauli susceptibility of those states which participate in intraband electron transitions.
Equation (2.41) indicates that the Gilbert damping in this regime is proportional to the inverse
of the relaxation time, 1/τm, and therefore scales with the conductivity.
Interband transitions are associated with energy gaps Δεβ,α. The electron-hole pair energy
can be dominated by these gaps. For gaps larger than the relaxation frequency /τm, the Gilbert
damping can be approximated by
G  〈S〉2
∑
α
χαP (Δgα)
2 1
τm
(2.42)
One should notice that in this limit the spin-orbit interaction results in a Gilbert damping coef-
ficient similar to that found for s-d exchange interaction, if one assumes Elliot’s formula for the
spin-flip relaxation time, τsf = τm/Δg2 [69].
The Gilbert parameter introduced within these models (Eqs. (2.38) and (2.41)) is temperature
independent.
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2.4.2. Two-magnon scattering mechanism
In addition to the Gilbert mechanism there exists another relaxation process which contributes
to the damping mechanism. The uniform FMR mode can be scattered to nonuniform modes
(k = 0) as denoted in Fig. 2.3 by the path (2). This scattering process is referred to as two-
magnon scattering. It is extensively used to explain the extrinsic damping in different kinds of
magnetic structures [63,76–80].
The two-magnon scattering contribution can be extracted from the torque term (first) in
Eq. (2.8) and consequently, does not result from the second term. The dispersion relation for
spin-waves can be derived from Eq. (2.8). The only consideration is that the dipolar field, which
includes k = 0 magnons has to be added to the exchange field. Therefore, the effective field can
be expressed as (for detailed analysis see for example [80])
Beff = BExchange − μ0
k2
k
(
k · m
)
; m = m0exp
(
ik · r
)
(2.43)
In Fig. 2.6 a schematic illustration of the bulk spin-wave dispersion relation for different
orientations of the applied magnetic field is given. It indicates a shift of the band by changing
the measurement configuration from the perpendicular to the parallel orientation of the external
field. In perpendicular configuration the bottom of the spin-wave band at k = 0 coincides with
the FMR frequency and there exist no degenerate non-zero k spin-wave states at this frequency.
In the parallel configuration the band has dropped down so that the top of the spin-wave band
at k = 0 equals the FMR frequency. In this configuration there is an extended range of wave
numbers degenerate with the uniform FMR mode.
In the ultrathin film regime the wave vectors k are confined to the film plane. For a thin film
with an effective out-of-plane anisotropy field, μ0Meff = 2K2⊥M −μ0M , the magnon energies are
given by Damon-Eshbach modes [81–85]. For simplicity let us assume that the magnetic field is
FMR, uniform mode
Wave numbers k Wave numbers k Wave numbers k
k||B
k B
B
k||B
k B
Bk
k||B
k B
B
k k
Figure 2.6.: Schematic illustration of the spin-wave dispersion curve for different orientations of the
applied magnetic field.
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Figure 2.7.: Schematic illustration of the in-plane spin-wave dispersion curve of an ultrathin film.
applied along the easy in-plane magnetization direction. Therefore, the dispersion relation can
be expressed as
(
ωk‖
γ
)2
=
(
ω
γ
)2
− 1
2
μ0Md
[
B − (B + μ0Meff) sin2 ψk‖
]
k‖ + (2B + μ0Meff)Dk2‖ (2.44)
where, D is the exchange stiffness and ψk‖ is the angle between the in-plane component of wave
vector k and M .
Equation (2.44) indicates that in addition to the quadratic term there exists another linear
term which is angle dependent. Moreover, this indicates that below a critical angle ψcritical given
by
sin2 ψk‖ <
B
B + μ0Meff
=⇒ |ψk‖| < arcsin
((
B
B + μ0Meff
) 1
2
)
(2.45)
the spin-wave band could be changed so that the minimum is not anymore at k = 0 and there are
non-zero k spin-wave states degenerate with the uniform FMR mode. A schematic illustration
of the spin-wave dispersion curve of an ultrathin film is given in Fig. 2.7.
In contrary to the Gilbert contribution the frequency dependence of the linewidth due to
two-magnon scattering is nonlinear. Arias and Mills have calculated the frequency dependence
of the FMR linewidth due to two-magnon scattering [81,85]. They have employed the Green’s
function formalism and defined a Green’s function as
Sα,β
(
k‖, k′‖, t
)
= i
θ(t)

〈[
mα
(
k‖, t
)
, m†β
(
k′‖, 0
)]〉
(2.46)
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Here it is assumed that the z-axis is along the film normal, the operators are in Heisenberg
representation and α and β represent the range over y and z. After relatively complicated math-
ematical steps the authors derived the frequency dependence of the FMR linewidth due to the
two-magnon scattering mechanism.
ΔB2magpp (ω) = Γ arcsin
(√√
ω2 + (ω0/2)2 − ω0/2√
ω2 + (ω0/2)2 + ω0/2
)
ω0 = γ
(
μ0M − 2K2⊥
M
)
= −γμ0Meff (2.47)
Here Γ represents the strength of the two-magnon scattering mechanism. In Fig. 2.8 the calcu-
lated frequency dependence of the FMR linewidth caused by different mechanisms is plotted.
In this calculation Γ = 50 mT,−μ0Meff=2.1 T, g=2.09, G = 6 ·107 Hz is used, and B is applied
along the [100]-direction. ΔBpp(0) represents the frequency and angle independent linewidth.
The FMR linewidth due to the Gilbert mechanism is a linear function, whereas the contribution
caused by two-magnon scattering is nonlinear.
The two-magnon scattering needs scattering centers of the order of spin-wave wavelength.
This means that Γ is isotropic and that it depends on the crystallographic directions because
eventually the misfit dislocations in the crystal can be formed along individual direction(s)
or in other words two-magnon scattering is angle dependent and depends on the direction of
the network of misfit dislocations. In order to identify the angular dependence of two-magnon
scattering, knowledge of the lattice structure is necessary (detailed information can be found in
Sec. 10.8).
Figure 2.8.: Calculated frequency dependence of the FMR linewidth for an ultrathin film with in-plane
magnetization. In this calculation Γ = 50 mT,−μ0Meff = 2.1 T , g=2.09, G = 6 ·107 Hz, and B applied
along [100]-direction (φB = 0◦, θB = 90◦). ΔBpp(0) represents the frequency independent linewidth.
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In this chapter the experimental setups, which are constructed and used to measure the dif-
ferent physical properties of the samples, are described. While most results of this thesis are
determined by in situ FMR, the focus will be put on the description of the UHV-FMR technique,
which is uniquely combined with UHV-SQUID magnetometry and structural and chemical char-
acterization techniques.
3.1. MBE apparatus
All samples discussed in this work were prepared by molecular beam epitaxy (MBE). The
Fe/semiconductor structures were prepared, characterized and measured under ultrahigh vac-
uum (UHV) conditions. The MBE system consists of a single UHV chamber directly con-
nected to several pumps. The base pressure of the UHV chamber was about 1×10−10 mbar.
It is equipped with a 4-pocket e-beam evaporator, an Auger electron spectroscopy device, an
ion-beam sputter gun, and a low-energy electron diffraction device. A schematic drawing of
our MBE chamber is shown in Fig. 3.1. Detailed technical information can be found in [86]. In
the following section we briefly introduce the different parts of our MBE system, which were
constructed, developed and used during this work.
The sample holder
Inside the UHV-chamber, the substrates were mounted on the sample holder, which is composed
of three different pieces with individual functionalities: (i) a stabilizer made from oxygen-free
copper to connect the other pieces to the liquid-He cryostat by a thin ceramic electrical insulator.
All electrical connections were made via this part. (ii) an arm made from oxygen-free copper
contains a thermocouple and heating wires (having the capability to heat the substrate to a
temperature of 1000 K). This part was designed such that the head can be located exactly at
the center of the cavity. Also, the amount of material was minimized in order to achieve a
higher cavity’s quality factor. (iii) a molybdenum rotatable head. This enables us to perform full
in- and out-of-plane angle dependent FMR measurements. A schematic representation of the
designed sample holder is given in Fig. 3.2. The head can be manipulated using a UHV rotary
feedthrough. A schematic picture of this mechanism is given in Fig. 3.3.
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Figure 3.1.: Schematic illustration of the UHV chamber and in situ FMR configuration.
3.1.1. Auger electron spectroscopy
The chemical purity of the samples is checked with Auger electron spectroscopy (AES). The
method basically uses the Auger effect: if ions, electrons or high energy photons hit a surface,
there is a definite probability that an electron will be knocked out of the inner shell of a surface
atom. The vacancy is occupied by an electron from an outer shell. This transition corresponds to
an energy release, which can lead to the removal of a second electron from the outer shell. This
latter electron is detected as an ‘Auger electron’. Since these transitions originate from atomic
energy levels, they are element specific and the method is suitable to prove the composition
of a surface and the region close to the surface. The nomenclature for the Auger transition is
given by the electron shells contributing to the process. For example in LMM Auger transitions
L- electrons are ejected from the surface and the vacancies in the L-shells are occupied by M-
electrons, causing an energy gain which is finally transferred to other M-electrons. The intensity
loss dI of the primary electron beam upon penetrating a slab of material with thickness dx is a
function of the incoming intensity I0 and the factor 1/λ, which describes the cross section of
the material, where λ is the electron mean free path. This leads to the following dependency:
I(x) = I0exp(x/λ). This dependence between the Auger electron intensity and the thickness
x of a material slab allows the determination of the amount of coverage and of the growth
character. Also it gives information of possible out-(inter-) diffusion of the substrate materials.
Therefore the intensity changes of the Auger signals originating from the substrate and the
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Figure 3.2.: Schematic illustration of the designed sample holder. The numbers denote the three different
pieces of the sample holder (see text).
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Figure 3.3.: Schematic drawing of the designed rotation mechanism to change the sample situation from
out-of-plane (a) to in-plane configuration (b).
deposited layer have to be compared as a function of the thickness of the deposited layer. The
primary electron energy used in AES is generated by an electron gun and is of the order of 3
to 5 keV. The type of analyzer used is a cylindrical mirror analyzer (CMA), where the electron
source for the excitation of Auger electrons is situated on the cylinder axis of the CMA. The
primary electrons generated by the electron gun penetrate the sample and the resulting Auger
electrons can subsequently be detected by the CMA [87].
3.1.2. Low-energy electron diffraction
The characterization of the crystal structure can be achieved with low-energy electron diffrac-
tion (LEED). In this technique an electron beam of an energy between 10 and 1000 eV is
scattered coherently from a crystalline surface. This energy range corresponds to a de-Broglie
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wavelength λBroglie comparable to the atomic distances. An electron gun generates a collimated
electron beam directed at the sample. The sample is located at the focal point of a system of
spherical grids and a fluorescent screen. If electrons are scattered coherently, an interference
pattern of the two- dimensional lattice can be observed on the fluorescent screen. The LEED
pattern is an image of the surface symmetry in reciprocal space [88,89].
k − k0 = Ghkl (3.1)
where k (k0) is the scattered (incident) wave vector, and Ghkl represents the reciprocal lattice
vector. Here h; k; l are integers which do not necessarily have to coincide with the indices of
real crystal planes. This technique does not give information about the third spatial direction,
i.e. the lattice spacing perpendicular to the sample surface. The LEED pattern facilitates the
determination of the two-dimensional symmetry of the crystalline surface.
3.1.3. IV-Low-energy electron diffraction
IV-Low-energy electron diffraction is based on the well known Bragg condition
2d sin(θ) = nλ (3.2)
where d is the distance between lattice points in a two-dimensional surface and 2θ is the angle
between the incoming and the diffracted electron beams. According to Eq. (3.2) by changing
the de-Broglie wavelength of the incident beam one can get information about the perpendic-
ular lattice spacing. This is possible by sweeping the energy of the incident electron beam and
monitoring the intensity of the (0,0) LEED spot. The brightness of the (0,0) spot is maximum
when the Bragg condition is fulfilled. One can easily write
E =
h2
8med2sin2(θ)
n2 + V (3.3)
where h is Planck’s constant, me is the mass of the electron, θ is the angle of the incident
electrons with respect to the film plane and V is the inner potential, which is of the order of
a few eV. During the experiment θ was about 2◦ with respect to the film normal. By plotting
the incident beam energy versus the square of the order of the Bragg peaks one gets the vertical
layer spacing. The lowest order Bragg peak to be evaluated is of third order since for high energy
electrons the influence of the inner potential V is negligible. Their band structure approaches
that of free electrons. This technique has a relative good accuracy (1-2%) and unlike X-ray
diffraction methods, it is sensitive for investigations of surfaces since the penetration length of
the primary electrons is only a few monolayers.
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3.2. In situ ferromagnetic resonance
One of the most established techniques to study the magnetic anisotropy, g-factor, and relax-
ation mechanisms is FMR [58,67,90]. In a conventional FMR experiment a magnetic system is
exposed to a sinusoidal electromagnetic radiation at a fixed frequency typically in the Gigahertz
range. As shown in Sec. 2.3 the resonance frequency is determined by the effective field which
includes both external and internal fields. Therefore, the magnetic system can be driven through
the resonance condition by sweeping a static external field. When measuring the absorption of
the microwave radiation by the sample, the resonance field is found at maximum absorption. In
order to enhance the signal to noise ratio, the magnetic field is modulated to allow for lock-in
technique. As a consequence, the measured FMR signal is proportional to the field derivative of
the imaginary part of the susceptibility (dχ′′/B). In the other words the FMR technique is based
on measuring microwave losses in a magnetic sample as a function of the external dc magnetic
field. In Fig. 3.4 the block diagram of an FMR spectrometer is shown.
The microwaves are mostly generated by klystrons which are operating in the frequency
range from 10 to 72 GHz. The studied sample is mounted inside a cavity, located between the
poles of the electromagnet.
In this work FMR was integrated in the UHV system and the samples were grown under
ultrahigh vacuum condition and directly transferred into the quartz finger where the resonant
cavity is installed from the outside. A cylindrical cavity with TE012 mode (suffixes represent
Figure 3.4.: Block diagram of an FMR spectrometer.
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the number of half wavelength variations in the standing wave pattern in the angular, radial,
and longitudinal direction, respectively) was used to perform the measurements. The cavity is
coupled to the rectangular wave guide by a small coupling hole (iris), which is directly con-
nected to the microwave bridge. This setup allowed us to measure the resonance field and the
FMR linewidth continuously from the in-plane to the perpendicular orientation. The full in-
plane angular dependence is possible by changing the sample configuration using the rotational
mechanism (see Fig. 3.3).
Normally, the reflected power from the microwave cavity is monitored by a microwave
diode detector. The reflected microwave power is proportional to the absorption of microwaves
in the magnetic sample. The absorbed power P is directly proportional to the imaginary part of
the transversal rf-susceptibility.
By assuming only small deviations of the magnetization from equilibrium one can easily
write M = (Mx,My,Mz) ≈ (Ms, my, mz) ≈ Ms + m(y, z, t) where m(y, z, t) is the rf
component of M . In order to simplify the situation let us consider only the linear response
of the rf driving field hrf = (0, hy = h0, 0). Higher order terms in Beff can be neglected. By
assuming a simple exp(−iωt) for time dependence of the oscillatory field the LLG equation of
motion results in
−iω
γ
Msy +
[
Bseff −
iαω
γ
]
Msz = 0[
B∗ − iαω
γ
]
Msy + i
ω
γ
Msz = Msdb0 (3.4)
where Msx and M sy are the rf magnetization components and Bseff and B∗ are related to the
anisotropy fields according to
Bseff = B − μ0Meff −
2K4
Ms
+
K4
2Ms
(7 + cos 4φ) +
2K2‖
2Ms
cos2(φ− δ)
B∗ = B +
2K4
Ms
cos 4φ +
2K2‖
2Ms
cos 2(φ− δ) (3.5)
The rf-susceptibility can be easily derived from the Eq. (3.4)
χy =
Msy
h0
=
μMsd
[
Bseff − iαωγ
]
[
Bseff − iωγ
] [
B∗ − iαω
γ
]
−
(
ω
γ
)2 (3.6)
where μ is the permeability of the material. The absorbtion curve in well-ordered epitaxial films
is almost Lorentzian. This can be shown by replacing B∗ by Bres+δB in Eq. (3.6), utilizing the
resonance condition (2.22) to simplify the resulting denominator and then keeping terms that
are linear with δB + (ω/γ)(G/γMs). The susceptibility becomes
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χy =
μMsd
Bseff, res + B
∗
res
Bseff,res + δB − iαωγ
δB − iαω
γ
(3.7)
The suffix ’res’ represents the resonance condition. The imaginary part of χy can be easily
expressed as
Im [χy] = μMsd
Bseff, res
Bseff,res + B
∗
res
1
ΔBHWHM
× 1
1 +
(
B−Bres
ΔBHWHM
)2 (3.8)
By comparison of Eq. (3.8) with a conventional Lorentzian function (A/(1+x2)) the amplitude
of the absorption peak can be given by
A = μMsd
Bseff, res[
Bseff,res + B
∗
res
] 1
ΔBHWHM
(3.9)
Equation (3.9) indicates that the FMR intensity is proportional to the magnetization, film thick-
ness and an ellipticity factor (Bseff, res/
[
Bseff,res + B
∗
res
]) which can be simply calculated using
the anisotropy fields extracted from the angle dependent measurements for each sample. The
FMR absorption line is characterized by the resonance field Bres , the resonance linewidth
ΔBHWHM (half width at half maximum) and the intensity which is proportional to the sample
magnetization and the ellipticity factor. In Fig. 3.5 a schematic FMR spectrum is shown. The
signal-to-noise ratio is improved by using a small ac modulation of the external field. The am-
plitude of the modulation has to be much smaller than the FMR linewidth. The measured signal
corresponds to the field derivative of the imaginary part of the transversal susceptibility. In this
case it is almost easy to measure the peak-to-peak linewidth, ΔBpp which is related to ΔBHWHM
according to
Figure 3.5.: Schematic illustration of an FMR spectrum.
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ΔBpp =
2√
3
ΔBHWHM (3.10)
The FMR sensitivity is large so that it is able to detect the ferromagnetic signal of 1013 spins
(a single atomic layer of a ferromagnetic material) [58]. Since the resonance condition includes
internal field as well as external ones (see Eq. (2.17)) it is able to measure anisotropy fields. In
order to determine the absolute value of the magnetic anisotropy values one needs the absolute
value of the saturation magnetization.
In this work the magnetization of the samples was measured in situ under UHV by SQUID
magnetometry. In the next section we will give just a brief introduction to the SQUID magne-
tometry under UHV. A full description of our in situ SQUID setup can be found in [86,91,92].
3.3. In situ SQUID magnetometry
The high-Tc rf-SQUID detects the z-component of the magnetic stray field of the uniformly
magnetized sample. By moving the sample below the SQUID sensor one can measure a 3D
distribution of the magnetic stray field of the sample. This can be fitted with an analytical
expression of the stray field for a given sample geometry yielding the magnetization of the
sample in absolute units.
A schematic representation of the SQUID sensor and a typical three dimensional plot of
the z-component of the stray field is shown in Figs. 3.3 (a) and (b) respectively. One important
parameter needed to determine the magnetization is the exact distance between SQUID sensor
and the sample. It is measured by an insulated W-wire loop of rectangular shape integrated
inside the sample holder. At a current of ∼5 mA the induced magnetic stray field at a typical
x
y
z
d
Sample holder
Substrate
SQUID
sensor
Fe film
a) b)
Figure 3.6.: (a) Schematic drawing of the configuration for SQUID measurement. (b) A typical stray
field distribution in the x-y plane of a sample of a 20 ML Fe/GaAs(001) at a distance of z=5 mm taken
from [91].
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distance of 5 mm is in the range of 100 nT and can easily be detected by SQUID. Therefore,
within this method one can easily measure the distance between the SQUID sensor and the
sample.
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In this chapter the results of the in situ FMR experiments of epitaxial Fe monolayers grown
on {4×6} reconstructed GaAs(001) are presented. The easy axis of magnetization is parallel
to the [110]-direction for film thicknesses below 15 ML and rotates by 45◦ towards the [100]-
direction for thicker Fe layers. The perpendicular magnetic anisotropy is strongly thickness
dependent with a large surface-interface contribution (favoring an easy axis perpendicular to
the film plane). Since the volume contribution to the cubic anisotropy was found to be very close
to the Fe-bulk value, the surface-interface term is relatively large and favors an easy axis along
the 〈110〉-direction. A strong uniaxial in-plane anisotropy was found for films with a thickness
of 2.8 up to 40 ML originating from the Fe-GaAs interface which favors an easy axis along
the [110]-direction . The different anisotropy contributions were ascribed to be the effect of the
magneto-elastic anisotropy, but cannot be quantitatively explained. Especially the in-plane in-
terface anisotropy can be understood only, when hybridization effects at the interface of Fe and
GaAs are taken into account. The temperature dependence of the magnetic anisotropy and the
magnetization were determined indicating that the temperature dependence of the perpendic-
ular uniaxial anisotropy follows precisely the Calen-Callen model. Furthermore, the temper-
ature dependence of the surface-interface and the volume terms were determined yielding the
anisotropy contributions at zero Kelvin. It was observed that the Fe films exhibit a temperature-
driven morphological transformation occurring at temperatures higher than 550 K depending
on the film thickness. Finally, the effect of an Ag over-layer on the magnetic anisotropy was
quantitatively determined.
4.1. Introduction
The interface magnetic properties of ultrathin magnetic films grown on semiconductor sub-
strates are of great scientific and technological interest for integration of magnetic materials
with III-V semiconductors. The first candidate for such an application is the Fe ultrathin film
on GaAs due to the high Fe magnetic moment and possible adaptability of GaAs for integra-
tion [1–4,6]. Although numerous works on covered Fe layers were carried out, just a few were
performed on uncapped Fe/GaAs, and the magnetic properties of this system in the monolayer
regime are not well understood yet. In particular the origin of the different anisotropy contri-
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butions observed in all experiments is not known. The room temperature magnetic anisotropy
of uncapped Fe layers is studied by Madami et al. [16] using in situ Brillouin light scattering
(BLS). Covered Fe/GaAs have been studied by other authors using various ex situ techniques:
BLS [9], Alternating Gradient Field Magnetometery (AGFM) [10–12], Vibration Sample Mag-
netometery (VSM) [13], and FMR [14,15]. However, the Fe/GaAs samples studied here were
grown, characterized, and measured in situ under UHV conditions and in a wider range of tem-
perature and thickness than in any previous experiment. Furthermore, the absolute value of the
magnetic anisotropy terms were determined by performing in situ FMR and in situ SQUID
measurements on the same samples. whereas, FMR experiments yield the anisotropy fields,
SQUID yields the magnetization in absolute units with sub-monolayer sensitivity [92,93]. The
main goals of this chapter are: (i) to characterize the magnetic properties of high quality ultra-
thin Fe/GaAs, (ii) to determine the absolute values of anisotropy constants, (iii) to shed light
on the origin of the different anisotropy contributions, (iv) to determine the temperature depen-
dence of magnetic anisotropy, (v) to determine magnetic properties in the vicinity of the ferro-
and superparamagnetic transition, and (vi) to investigate the effect of an Ag over-layer on the
magnetic anisotropy.
4.2. Sample preparation
In the following section the sample preparation of Fe/{4×6}GaAs(001) and Ag/Fe/{4×6}
GaAs(001) structures is described.
4.2.1. Substrate preparation
A 4×4 mm2 (20×5 mm2) cut from commercially available n-type GaAs(001) wafers was used
as substrate. Before inserting into UHV, the crystals were ultrasonically cleaned using pure
acetone and isopropanol. After transfer into the UHV chamber the substrates were first out-
gassed by slowly rising the temperature to about 900 K, so that the pressure did not exceed
1×10−8 mbar, and subsequently annealed in UHV at 900 K for 60 min. Cycles of low energy
Ar + sputtering (0.5-0.6 keV) at 900 K for 30 min were performed which resulted in a clean
GaAs substrate as revealed by Auger electron spectroscopy (AES). At a partial Ar + pressure of
about 1×10−5 mbar, an Ar + current density of about 2 μ A/cm2 was measured. A typical AES
spectrum of a clean GaAs surface is shown in Fig. 4.1(a).
This substrate preparation yields a {4×6} well-ordered reconstruction of the GaAs(001)
surface as revealed by our LEED pattern with a surface roughness of approximately 3 Å as
confirmed by scanning tunnelling microscopy (STM). A typical LEED pattern and STM image
of the clean GaAs(001) are shown in Figs. 4.1(b) and (c) respectively.
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Figure 4.1.: (a) A typical AES spectrum of a clean Ga-rich GaAs substrate. The numbers show the
detailed position of the Ga and As peaks [87]. The inset shows the spectrum of the same substrate
recorded at low energies confirming the non-existence of surface contaminations, i.e. C and O. (b) STM-
image of a clean GaAs(001) surface after cleaning procedure, recorded by C. Urban. (c) A LEED-pattern
taken at an electron energy of about 52 eV showing the well ordered {4×6}reconstruction of the GaAs
substrate.
4.2.2. Growth of Fe on GaAs(001)
The Fe layers were grown at room temperature (RT) by MBE with a deposition rate of
0.5 ML/min which was monitored by a quartz microbalance while the characteristic changes
were observed in the LEED pattern. The base pressure of the chamber was about 2×10−10 mbar
which rose during Fe-deposition up to about 1.0×10−9 mbar. A LEED analysis was performed
after deposition to verify the good epitaxial growth. It was observed that the LEED pattern
disappears immediately after the deposition of about 0.5 ML of Fe and reappears around the
nominal thickness of 4 ML (see Zakeri et al. [94] for more details). Such an observation has
also been reported by Xu et al. [95] and Madami et al. [16]. Our AES results show no diffusion
of Ga(As) into the Fe films, since the LMM peaks of the Ga and As disappear near a thickness
of 8 ML (see Fig. 4.2).
As mentioned in Sec. 4.2.1 the GaAs substrate has a surface roughness of approximately
3 Å which is around the height of the surface reconstruction.
In order to study the initial growth of Fe on {4×6} reconstructed GaAs(001), Fe was deposited
on a {4 × 6} surface at RT in several steps inside the STM chamber by C. Urban at the Uni-
versity of Bochum during this work. The same region of the surface was repeatedly imaged
by STM before and after deposition of few amounts of Fe. The STM results show that from
the beginning, 3D islands are formed which appear as bright bumps. Their height is 1–3 ML
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Figure 4.2.: The ratio of AES peak-to-peak amplitudes of the Ga LMM line at 1082 eV over Fe LMM
line at 651 eV (open diamonds), along with the ratio of the AES peak-to-peak amplitudes of the As LMM
line at 1228 eV over Fe LMM line at 651 eV (solid circles), measured for films grown at RT. The solid
curves are guide to eyes. The inset shows a typical Auger spectrum of a 3 ML sample
and their diameter is on the order of a nanometer, meaning that the growth of Fe on {4 × 6}
reconstructed GaAs proceeds via nucleation of 3D islands (Volmer–Weber growth) followed
by quasi-layer-by-layer growth. This is in good agreement with our LEED observations. The
3D growth of Fe on Ga-rich GaAs is reported by various groups mainly using RHEED oscil-
lations [10,14,95–98]. The first few monolayers grow as separate paramagnetic islands. At an
average coverage of approximately 3.1 ML the material becomes superparamagnetic at room
temperature, which is attributed to each island becoming ferromagnetic. At around 4.8 ML the
islands merge and the material undergoes a transition to become ferromagnetic with a relatively
high Curie temperature. The critical exponent of the susceptibility at the superparamagnetic to
ferromagnetic transition is close to that of a 2D percolation transition [99]. Furthermore, the
STM results reveal that on {4 × 6} reconstructed surfaces, the Fe nuclei are arranged in rows
along [110]. Therefore, the sites of nucleation are influenced by the specific reconstruction,
since the direction of the rows corresponds to the previous substrate surface reconstruction.
This is exactly the direction of the in-plane uniaxial magnetic anisotropy. We will come back to
this point in Sec. 4.7.3.
4.2.3. The vertical lattice parameter and its temperature
dependence
The vertical layer spacing was determined in an IV-LEED experiment by applying the Bragg
equation (3.3) [100]. The energy of the primary electrons was varied in range of 20–900 eV. Fig
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4.3 (b) shows a typical Bragg reflection of a 20 ML thick sample. The vertical lattice spacing
was determined directly from the slope of the peak position as a function of the squared order
of the Bragg reflection (see Fig 4.3 (c)). Figure 4.3 (a) shows that the vertical lattice parameter
below 20 ML is approximately 3% larger than the Fe-bulk value meaning a tensile strain in the
perpendicular direction and consequently in-plane compression in the film plane. The in-plane
stress is also reported by Wedler et al. [101,102] using in situ stress evaluation during film
formation. The vertical lattice parameter decreases slowly as the film thickness increases and
relaxes to the Fe-bulk value above 65 ML.
The temperature dependence of the vertical lattice parameter was studied for a 20 ML
sample between 40 and 400 K. The results are shown in Fig. 4.4. Interestingly, seven Bragg
reflection peaks were observed at low temperatures, which increases the accuracy of the mea-
surements with respect to the RT measurements (see Fig. 4.4 (b) and (c)). Clearly, the vertical
lattice parameter increases with temperature. This expansion of the vertical lattice parameter
is however much larger than the thermal expansion of bulk Fe. According to the fact that Fe-
Ga(As) forms strong interface bonds and that the thermal expansion coefficient of Fe is two
times larger than that of GaAs [103], we assume that the Fe lattice is fixed to the GaAs and
can expand mainly in the vertical direction. This means that the perpendicular strain component
increases as temperature increases. The temperature dependence of the strain will be discussed
Figure 4.3.: (a) Room temperature vertical lattice parameter as a function of Fe thickness. The dotted
line represents the lattice parameter of bulk Fe. (b) A typical I(V) profile of a 20 ML sample. The integers
represent the order of the Bragg peaks. (c) The energy of the Bragg peaks as a function of the squared
Bragg peak order. The solid line is the linear fit to the experimental data. The slope of the linear fit yields
the inter-layer distance directly.
37
4. Fe monolayers on GaAs(001)
Figure 4.4.: (a) Temperature dependence of the vertical lattice parameter of a 20 ML Fe film epitaxially
grown on {4×6}GaAs(001). The RT lattice parameter of bulk Fe is shown as a solid square. Both cooling
down and heating up yields the same results. (b) Typical Bragg reflections observed for a 20 ML sample
measured at 70 K. 7 Bragg peaks are observable. The integers denote the order of the Bragg peaks. (c)
The energy of Bragg peak positions as a function of the squared order of the Bragg peaks at 70 K.
in Sec. 4.9.1.
4.2.4. Growth of Ag on Fe/GaAs(001)
The growth of Ag on Fe seems to satisfy the structural and thermodynamic criteria expected for
a perfect layer-by-layer growth (Frank–van der Merwe growth mode) [104–106]. The lattice
mismatch  between fcc Ag (001) (space group Fm-3m, aAg= 4.0853 Å) and bcc Fe (001)
(space group Im-3m, aFe= 2.8665 Å) is small,  ≈ −0.8% (if the Ag lattice is rotated by 45◦
with respect to the one of Fe), and this suggests that the elastic energy of the epitaxially strained
film will be only of minor importance for the resulting growth mode as compared to kinetic
arguments. The lower surface free energy of Ag (001), ξ=1.2 J/m2 [107], in comparison to
Fe (001), ξ=2.2 J/m2, also favors the wetting of the Fe (001) surface by Ag.
Epitaxial Ag were grown on top of the Fe layers at RT in the thickness of 1, 2, 5, 10, and 30
ML. A quadratic LEED pattern was observed for 10 ML Ag, showing a cubic (fcc) structure.
A typical LEED pattern of an fcc Ag film is shown in Fig. 4.5. Furthermore, our IV-LEED
measurements reveal that the lattice parameter of 10 ML Ag grown on 20 ML Fe/GaAs is very
close to the lattice parameter of bulk fcc Ag, i.e. no substantial strain is present in the Ag layer.
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Figure 4.5.: (a) Typical AES spectrum of 2 ML Ag/20 ML Fe/{4×6}GaAs. (b) LEED-pattern of 20 ML
Fe/{4×6}GaAs at an electron energy of 124 eV showing a well ordered bcc structure and (c) LEED-
pattern of 10 ML Ag/20 ML Fe/{4×6}GaAs taken at an electron energy of about 172 eV showing a well
ordered fcc structure.
4.3. In situ magnetic characterization
In order to determine the magnetic anisotropy, in situ FMR measurements were carried out
immediately after growth at f=4.02 and 9.3 GHz. For each film thickness the resonance fields
were recorded for polar angles −90◦ ≤ θB ≤ 90◦, i.e. within the ([11¯0], z) plane, see Fig. 4.6.
The in-plane angle was varied within −48◦ ≤ φB ≤ −42◦ and 132◦ ≤ φB ≤ 138◦ with
respect to the [100]-direction to record additional FMR spectra in the in-plane geometry around
the hard-direction in the film plane. Additionally, a polar angle dependence was measured at
4.02 GHz to confirm the anisotropy terms obtained from the measurement at 9.3 GHz and
to enhance the accuracy of the results. It should be noted that the complete in- and out-of-
plane angle dependent measurements were necessary to determine the anisotropy constants of
the sample. The anisotropy constants were determined using the formulas derived in Sec. 2.3.
The results for samples measured near the ferromagnetic and the superparamagnetic transition
(0<film thickness<4) are discussed in Sec. 4.8.
In the case of 20 and 15 ML thick films two resonances were observed and for films thinner
than 15 ML one resonance was observed in the in-plane configuration (B‖[11¯0]) at 9.3 GHz.
At a resonance frequency of 4.02 GHz two modes were observed for all films.
In Fig. 4.7 typical FMR spectra at 9.3 GHz and 4.02 GHz with the external field parallel to
the [11¯0]-direction are shown for (a) 5 ML, (b) 10 ML , (c) 15 ML, and (d) 20 ML thick Fe films.
Note the very small linewidth ΔB=1.8 mT of the 20 ML film shown in the inset of Fig. 4.7(d),
which confirms the excellent magnetic homogeneity of the layers. In accordance with the equa-
tions derived in Sec. 2.3, just a single resonance mode is expected for an ultrathin ferromagnetic
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Figure 4.6.: Measurement geometry in parallel configuration. The model for the {4×6} reconstructed
GaAs surface was taken from Ref. [108]. 1st and 2nd refers to Ga atoms at the top and below.
layer. However, for specific anisotropy values and magnetic field direction it is possible to see
two and even three resonance modes as were observed in our Fe films on {4×6}GaAs(001).
These modes are collective excitations of the spin system, in which the spins precess around
the internal anisotropy fields instead of the external one. The inset of Fig. 4.7 shows that two
resonance modes are observable for all film thicknesses by measurement at 4.02 GHz if the ex-
ternal magnetic field is applied very close to the [11¯0]-direction. The measurements at 9.3 GHz
shows two resonance modes for 15 and 20 ML films only. The high-field signal has the largest
intensity and can be identified as the saturated mode (Eqs. (2.23) and (2.24)), and the low-field
signal as the unsaturated mode. There can be more than one mode and they will slightly overlap
if the magnetic field is not perfectly aligned along the [110]-direction.
The separation between saturated and unsaturated modes steadily increases when approach-
ing the film normal. The occurrence of unsaturated resonance modes yields a possibility to
increase the accuracy of the measurements, as two or even three modes can be used for fitting.
In order to determine the magnetic anisotropy constants the FMR data were analyzed as
follows:
χχ
χ
χχ
Figure 4.7.: FMR spectra recorded at RT and at a frequency of 9.3 GHz with an external magnetic field
applied along [110]-direction for (a) 5, (b) 10, (c) 15, and d) 20 ML Fe/{4×6}GaAs(001). The red curves
are the Lorentzian fits to the experimental spectra (blue one). The insets show the spectra for the same
films by measurements at a microwave frequency of 4.02 GHz (S-band).
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Figure 4.8.: Typical polar angular dependence of the resonance field for (a) a 5 ML and (b) a 20 ML Fe
film on {4×6}GaAs(001) at a resonance frequency of 9.3 GHz. Insets show the polar angular dependence
recorded at 4 GHz. The solid lines are fits to the experimental data. For the 20 ML sample the angular
dependence of both saturated and unsaturated resonance modes are shown. In the case of the 5 ML sample
just the saturated resonance mode is observable by a measurement at 9.3 GHz, but a measurement at 4
GHz yields both saturated and unsaturated resonance modes.
(i) The FMR spectra were fitted by a Lorentzian function for each in-plane and out-of-
plane angle and also for spectra measured at 9.3 and 4.02 GHz. The fit was performed for both
saturated as well as unsaturated resonance modes. This Lorentzian fit yields the FMR resonance
fields, linewidth, and intensity.
φ
[1 1 0]−
Figure 4.9.: Azimuthal angular dependence of the resonance field for 5 ML Fe/GaAs. The open squares
denote the saturated resonance modes, whereas the solid circles denote the unsaturated modes. The dotted
lines are the theoretical curves according to Eq. (2.22) (see text).
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(ii) The resonance fields were plotted as a function of polar and azimuthal angle and were
fitted by the fitting program which is based on Eqs. (2.21) and (2.22) with the same parameters
obtained from (i). The g-value was chosen to be g = 2.09 which is the Fe-bulk value and has
also been reported for thin Fe films on GaAs by McPhail [109]. Relative changes of the g-factor
of ±0.05 do not yield significant differences in anisotropy constants. It should be noted that in
principle the analysis of the saturated FMR field alone is sufficient to extract all information on
the anisotropy values, however, the analysis of the unsaturated modes yields higher accuracy.
A typical polar and azimuthal angular dependence of the saturated and unsaturated resonance
signal, Bres, for (a) 5 ML Fe and (b) 20 ML Fe measured at RT is shown in Fig. 4.8 and 4.9,
respectively. In Fig. 4.8 the solid lines are fits according to Eq. (2.21). One can directly learn
from Fig. 4.8 that the maximum of the resonance field occurs when the external magnetic field
is applied along the film normal indicating an in-plane alignment for magnetization direction.
This has been observed for all film thicknesses. For the 20 ML film the difference between the
resonance fields in parallel and perpendicular configuration is larger than for the 5 ML film
implying that the thin film has a larger out-of-plane anisotropy. The fits for 4.02 and 9.3 GHz
were performed using the same set of parameters.
To investigate the in-plane anisotropy in more detail we measured the in-plane angular
dependence of the resonance field close to the [11¯0]-direction. In Fig. 4.9 the resonance field as
a function of the in-plane angle is plotted for the 5 ML sample. By rotating the magnetic field
in the film plane the saturated resonance mode (open squares) shifts to lower fields, whereas the
unsaturated resonance mode (solid circles) moves to higher field values and within 2◦ of rotation
the FMR signal disappears. This directly shows that the [11¯0]-direction is the hard (in-plane)
axis of the system. The fitting procedure has been performed using the anisotropy constants
which have been determined by the out-of-plane angle dependent measurements according to
Eq. (2.22). The fits for both saturated (closed circles) as well as unsaturated (open circles) modes
reproduce the in-plane angular dependence around the hard direction very well.
4.4. Magnetization
The only way to extract the absolute value of the magnetic anisotropy constants is first to deter-
mine the absolute value of the saturation magnetization M of the sample. It was determined by
in situ SQUID magnetometry on the same samples [91]. The in situ SQUID yields the magne-
tization of the monolayers in absolute units. A detailed discussion of the SQUID results can be
found elsewhere [91]. Furthermore, the magnetization was determined by analyzing the FMR
intensity. Perfectly Lorenzian and noise free FMR spectra, which were observed for the sam-
ples, allow a detailed analysis of the FMR intensity as discussed in Sec. 3.2. Note that a 30 ML
thick sample was chosen as reference for bulk magnetization. And other magnetization values
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Figure 4.10.: Thickness dependence of the magnetization of the Fe films on {4×6}GaAs. The SQUID
results (lower panel) are taken from Ref. [91].
were scaled accordingly. The results of FMR and SQUID are shown in Fig. 4.10. These data
are in good agreement with the magnetization data for capped Fe/GaAs samples studied by
McPhail et al. [109].
Both SQUID and FMR data show that the magnetization for samples with a thickness above
7 ML is close to the Fe-bulk value (Ms = 1.71 × 106A/m). The magnetization of the samples
with a thickness of below 7 ML is slightly decreased in comparison to the bulk magnetization.
This is attributed to the reduced Curie temperature and the growth mode of Fe on GaAs. A
detailed discussion of the thickness and temperature dependence of the magnetization can be
found in [91].
4.5. Magnetic anisotropy
The results of the magnetocrystalline anisotropy constants are listed in Tab. 4.1 for 5 to 30 ML
of Fe on GaAs(001). In the following sections we discuss the different magnetic anisotropy
contributions.
The perpendicular uniaxial anisotropy K2⊥ in the first column of Tab. 4.1 is smaller than
the shape anisotropy 1
2
μ0M
2
=18.35 J/m3 (for M=1.71×106A/m). Consequently, the magneti-
zation lies in the film plane for all thicknesses. The cubic anisotropy K4 (the second column of
Tab. 4.1) is positive for all films meaning that the favorable easy magnetization direction is the
[100]-direction within the thicker Fe layers which is the easy axis of bulk-Fe (because thicker
layers have a dominating cubic anisotropy). For thinner Fe layers, d ≤7 ML we find a large in-
plane uniaxial anisotropy K2‖ (the last column of Tab. 4.1) with a negative sign favoring an easy
axis along the [110]-direction. The interplay between K4 and K2‖ leads to a change of the easy
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Thickness K2⊥ K4 K2‖ μ0Meﬀ2
K4
M
K2‖
M
(ML) (105J/m3) (105J/m3) (105J/m3) (mT) (mT) (mT)
Fe-Bulk 0 0.48 0 -1072 27.5 0
30 1.00 0.47 -0.04 -1009 27.4 -2.35
20 2.68 0.46 -0.043 -910 27 -2.5
15 2.88 0.44 -0.08 -900 26 -4.7
13 4.00 0.35 -0.22 -832.8 20.6 -12.9
11 4.8 0.30 -0.29 -786 17.65 -17.0
10 6.00 0.25 -0.38 -715 14.71 -22.4
8 7.80 0.12 -0.55 -609.3 7.06 -32.4
7 11.10 0 -0.59 -420 0 -34
6 11.52 0 -0.85 -390 0 -50
5 11.53 0 -1.02 -390 0 -60
Table 4.1.: The measured magnetocrystalline anisotropy constants of uncapped Fe monolayers on
{4×6}GaAs(100). The integers in the first column represent the number of monolayers. All samples were
measured in situ and at RT. The conversion to μeV/atom can be given by 1×105 J/m3 =7.4 μeV/atom
(see Appendix A for more details). The bulk value is given from [88].
axis from the [110]- towards the [100]-direction above d ≈12 ML as will be discussed in detail
in Sec. 4.7. Qualitatively, the strong uniaxial in-plane anisotropy may be understood by con-
sidering the twofold surface symmetry of the Fe-GaAs interface due to the 4×6 reconstruction
(see Fig. 4.6). The rectangular surface cell is directly connected to the Fe-Ga and Fe-As bonds
at the interface and thus to the atomic configuration [108]. As the STM images in Fig. 4.1(b)
show the surface of the GaAs(001) substrate contains wide flat terraces with rows of atoms
elongated along the [110]-direction. The formation of small clusters of Fe above the surface is
clearly visible at the initial stage of growth; these clusters seem to be formed along the atomic
rows of the substrate (Fig. 4.1 (b)). These clusters become bigger as the nominal film thickness
increases while their separation gets much smaller. This is likely the origin of the in-plane uni-
axial anisotropy. The uniaxial anisotropy could also be related to an uniaxial stress within the
Fe film as well as to a change of the Fe band structure at the interface due to hybridization. We
will discuss this point in detail in Sec. 4.7.3.
4.6. The contributions to the magnetic anisotropy
In order to separate the volume and the surface-interface anisotropy contributions we have plot-
ted in Fig. 4.11 the anisotropy constants as a function of reciprocal film thickness according to
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⊥
⊥
Figure 4.11.: The out-of-plane uniaxial (a), the in-plane cubic, and in-plane uniaxial (b) magnetocrys-
talline anisotropy constants of the Fe monolayers on {4×6}GaAs(001) as a function of the reciprocal
film thickness, determined at RT.
Eq. (4.2). The volume and surface-interface anisotropy constants resulting from these analyses
are summarized in Tab. 4.2 and are compared to the other studies.
We start the discussion of Tab. 4.2 with the contributions to the uniaxial out-of-plane
anisotropy K2⊥. The volume contribution Kv2⊥ = -1.7±0.8×105 J/m3 (-13±6 μeV/atom) is
very small, even smaller than the value which has been reported by Platow et al. [113] for Fe
films on Cu(001) (Kv2⊥ = 10.5±0.3×105 J/m3 = 77.7±3 μeV/atom) [113], but it is close to the
value for Au capped Fe/GaAs reported by McPhail et al. [109]. The negative sign of our K v2⊥
indicates a preferential alignment of the magnetization in the film plane due to this volume term.
In previous studies of capped Fe/GaAs samples this contribution is neglected and McPhail et
al. [109] is the only one who reported a value for Kv2⊥ using polar magneto-optical Kerr effect
(pMOKE). Note that in [109] a different sign convention was used yielding an in-plane ori-
entation for positive Kv2⊥. The much larger surface-interface term K
s,eﬀ
2⊥ =1.17±0.1×10−3 J/m2
(600±50 μeV/atom) is a superposition of the Fe-vacuum and Fe-GaAs interface anisotropy. As
shown by the positive sign of K s,eﬀ2⊥ the interface anisotropy favors an easy axis out-of-plane,
which is well-known also to be the case for thin Fe films on Cu(001) [113]. As the interface
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Kv2⊥ K
v
4 K
v
2‖ K
s,eﬀ
2⊥ K
s,eﬀ
4 K
s,eﬀ
2‖
(105J/m3) (105J/m3) (105J/m3) (10−3J/m2) (10−5J/m2) (10−5J/m2)
This work† -1.7±0.8 0.66±0.1 0.18±0.25 1.17±0.1 -6.1±0.1 -8.9±0.4
[16]† – 0.34±0.03 0.005±0.01∗ 0.8±0.2 -2.4±0.8 -4.4±0.2∗
[109]‡ -1.2 ±0.7 ∗ 0.37±0.03 – 0.9±0.1∗ -3.3±0.5 10±1
[14]§ – 0.46±0.03 – 1.7±0.1 -5.1±0.05 3.2±0.12
[110]§§ – 0.47±0.03 – 0.58±0.01 -2±0.1 10±1
[15,110]‡ – 0.43±0.01 – 0.78 ±0.05 -2.8±0.1 14±1
[111,112] ‡ – 0.43±0.02 – -1.1±0.2 -2.1±0.2 12±2
Table 4.2.: The surface-interface and volume contributions to the magnetocrystalline anisotropy of un-
capped Fe monolayers on {4×6}GaAs(001) measured at RT.
†: Uncapped, ‡: Au-capped, §: Cu-capped, §§: Cr-capped.
∗ In [109] and [16] a different definition of the free energy was used which yields opposite signs. The
values have been adapted to the anisotropy model of this work.
contribution gets more important for thinner layers, the reduced value of μ0Meﬀ at lower film
thicknesses is a direct result of the interface anisotropy of uniaxial character. Interestingly, our
value is only slightly larger than the value which has been found for the Fe-vacuum interface in
Fe films on Ag by Urquhart et al. (Ks,vac2⊥ =0.96×10−3J/m2=490 μeV/atom) [106,114]. Taking
this value for the Fe-vacuum contribution results in a very small value for the Fe-GaAs interface
anisotropy (Ks,GaAs2⊥ =0.21±0.1×10−3J/m2=110±50 μeV/atom). This value is smaller than the
value which is claimed by Monchesky et al.(K s,GaAs2⊥ =1.1±0.1×10−3J/m2=570±50 μeV/atom)
[14] for Cu-capped films. We note, however, that the contribution of the vacuum interface does
not have to be the same as for Fe on Ag, since it is known that the growth mode of Fe/Ag
–unlike Fe/GaAs– proceeds layer-by-layer [106]. Therefore, the difference might be related to
the difference of the surface morphology and also to the nature of the Fe-Ga and Fe-As bonds
at the interface and to the substrate and surface roughness.
The analysis of Fig. 4.11 (b) shows that the cubic anisotropy vanishes below 7 ML in-
dicating a transition from cubic to predominantly uniaxial symmetry. The thickness at which
the cubic anisotropy vanishes has been reported to be 6-8 ML for capped films [14,111,115]
and 5.2 ML for uncapped films studied by in situ BLS [16]. The thickness dependence
of the cubic anisotropy constant (Fig. 4.11(b)) yields a negative surface-interface contri-
bution (Ks,eﬀ4 = -6.1±0.1×10−5J/m2=-31±1 μeV/atom) and a positive volume contribution
(Kv4 = 0.66±0.1×105 J/m3 = 4.8±0.75 μeV/atom) close to bulk iron (K4,bulk = 0.48×105
J/m3=3.5 μeV/atom), which is similar to the values reported for other studies on capped and
uncapped films (see Tab. 4.2 for details) indicating that the interior part of the thinner films is
only moderately strained. Kv4 is responsible for the alignment of the magnetization parallel to
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the [100]-direction (d>7ML) which is the easy axis for bulk-Fe. The decrease of K4 at smaller
film thickness results from the negative interface contribution K s,eﬀ4 . The negative sign indicates
that the 〈110〉 directions are the favored easy axes, which are different from the bulk easy axes
〈100〉 (positive K4).
Similar to K2⊥, the thickness dependence of the uniaxial in-plane anisotropy K2‖ shows a
very small value for the volume contribution K v2‖ = 0.18±0.25×105J/m3(1.3±1.85 μeV/atom),
proving that K2‖ is an interface effect. It should be noted that within the error bar Kv2‖ is ap-
proximately zero. However, the surface-interface contribution is large. From the fit in Fig. 4.11
(b) one gets Ks,eﬀ2‖ = -8.9 ±0.4×10−5 J/m2 (-46.3±2 μeV/atom). This value is 2.8 times larger
than the value for Cu covered Fe/GaAs which was found by Monchesky et al. (K s,eﬀf2‖ = 3.2
±1.2×10−5 J/m2=16±7 μeV/atom) [14] but it is in excellent agreement with Au capped sam-
ples studied by McPhail et al. (K s,eﬀ2‖ = 10 ±1×10−5J/m2=52±6 μeV/atom) [109] and also by
Brockmann et al. (Ks,eﬀ2‖ = 12 ±2×10−5J/m2=62±11 μeV/atom) [111]. The negative sign of
Ks,eﬀ2‖ shows that the easy axis given by the uniaxial in-plane anisotropy is the [110]-direction,
whereas the [11¯0] is the hard in-plane direction of our Fe films. One should note that some
confusion concerning the identification of the crystallographic in-plane directions occurred in
the literature (see e.g. [10,109]), where the [11¯0]- and [110]-directions were erroneously ex-
changed). The correct description was given by Madami et al. [16], then later by Zakeri et
al. [62] and finally it was well explained in the review by Wastelbauer and Bland [8]. The
change of the easy axis for thicker films towards the [100]-direction results, therefore, from the
increasing influence of Kv4 and decreasing influence of K
s,eﬀ
2‖ .
4.7. Discussion of the origin of the anisotropy
contributions
The analysis of the FMR measurements revealed that the magnetic anisotropy of the Fe films is
governed by strong interface contributions, whereas the volume contribution is almost bulk-like
and only slightly altered by contributions, which are not expected in cubic Fe. In the follow-
ing section we discuss possible sources of the various anisotropy contributions based on our
experimental results.
4.7.1. The perpendicular uniaxial anisotropy
The volume contribution
As shown by our IV-LEED experiments (see Fig. 4.2.3), the room temperature vertical lattice
parameter of the epitaxial Fe films on GaAs is approximately 3% larger than the lattice param-
eter of Fe-bulk thus implying a tensile strain perpendicular to the film plane. This out-of-plane
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strain expected to be accompanied with an in-plane one. Indeed an in-plane compressive strain
is confirmed by the measured in-plane atomic distance by other groups by employing extended
X-ray absorption fine structure experiments [116], which showed that a 10 ML thick film is
compressed by -1.1% in the film plane. Since our experiments show that even 60 ML Fe have a
vertical lattice parameter that enhanced by 3% with respect to the Fe bulk, we suggest that the
stress in the volume is governed by compressive tension of uniaxial character. This is consistent
with the tetragonally distorted environment of the films observed by IV-LEED for all samples.
According to elasticity theory (see [52,53] for details) we have  = 11 = 22 for an isotropic
compression in the film plane . The in-plane stress component  is related to the perpendicular
one by  = −1
2
c11
c12
33 where cij are the elastic constants of the material. For Fe c12 ≈ c11,
so that 33 ≈ −2 yielding a perpendicular uniaxial anisotropy term given by K v2⊥ ≈ 3B1
or Kv2⊥ ≈ −32B133 (see Eq. (2.5)). Using the experimental value of B1 = 3.5 × 106 J/m3
from [101] and 33 ≈ 3% from our IV-LEED experiments one can calculate a value of Kv2⊥ ≈
−1.6×105 J/m3 very closed to the value, which has been determined from our in situ FMR
data. Furthermore, the perpendicular magneto-elastic anisotropy can be calculated using the in-
plane strain component according to the fact that Kv2⊥ ≈ 3B1. Using the reported value for  by
Gordon et al. (=1.1%) [116] and B1 = 3.5×106 J/m3 by Wedler et al. [101] one can calculate a
magneto-elastic anisotropy of Kv2⊥ ≈ -1.0×105 J/m3. Within the error bar this is the same value
as the experimental one measured by our in situ FMR experiments (K v2⊥ =-1.7±0.8×105 J/m3)
with the same negative sign supporting that strain is the origin of K v2⊥. One should note that the
calculation of Kv2⊥ has been performed using the first order magneto-elastic coupling constant
of the Fe film on GaAs measured by Wedler et al. [101], which has a positive sign in contrast to
the Fe-bulk value. With the bulk magneto-elastic coupling constant it is impossible to calculate
a reasonable value.
The surface-interface contribution
The uniaxial surface term Ks,eﬀ2⊥ which prefers an easy axis along the film normal cannot be
explained by stress considerations. Thus, this term must have a different origin. One possibil-
ity could be the Fe-vacuum interface, which in the case of Fe/Cu(001) also leads to an easy
axis perpendicular to the film plane. It is known that the Fe-vacuum surface anisotropy for
bcc structures has a very large contribution to the perpendicular anisotropy [90]. It is mainly
due to the symmetry breaking of the Fe atoms at the Fe-vacuum interface. The authors of [90]
suggest that the 3d valence electron states confined to the surface possess very different mag-
netic properties than those that are fully itinerant. It has been shown in [90] that the broken
symmetry at the Fe film interfaces causes large uniaxial perpendicular anisotropies [106]. The
strongest surface uniaxial anisotropy was found for the Fe/vacuum interface (KFe−Vacuum ≈ 1.0
J/m2 ≈ 738μeV/atom) followed by Fe/Ag, Fe/Cu, Fe/Au and Fe/Pd. Therefore, we conclude
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that this surface-interface term mainly comes from the Fe-vacuum —not the Fe-GaAs— in-
terface and, similar to the other Fe-vacuum interface anisotropies of bcc Fe films on metallic
substrates, is due to the fact that the 3d and 4s/p valence states at the surface strongly enhance
the contribution of the spin-orbit interaction to the interface valence band energies. This results
in a large interface magnetic surface anisotropy with out-of-plane easy axis.
4.7.2. The cubic anisotropy
The volume contribution
The IV-LEED experiments show that the vertical lattice parameter becomes smaller as the thick-
ness of the film increases and relaxes towards the Fe-bulk value, when the film becomes thicker.
The fact that the film strain becomes smaller for thicker films is confirmed by the observation of
the cubic volume anisotropy term K v4 that is very close to the Fe-bulk value. The magneto-elastic
biaxial anisotropy appearing in higher order within the Taylor expansion (2.5) is expected to be
negligible due to the small lattice mismatch between Fe and GaAs.
The surface-interface contribution
The cubic surface-interface contribution Ks,eﬀ4 has an opposite sign in comparison to the vol-
ume contribution and leads to an in-plane reorientation of the fourfold easy and hard axes by
45◦ below a critical thickness. However, the magneto-elastic anisotropy plays no role in cubic
surface-interface anisotropy as shown in [52]. The fact that Ks,eﬀ4 has the opposite sign of the cu-
bic bulk value, favoring the 〈110〉-directions, indicates that hybridization at the GaAs interface
or symmetry breaking at the Fe-vacuum interface are likely the sources for this contribution.
4.7.3. The in-plane uniaxial anisotropy
The surface-interface contribution
Quantitative studies of the stress evolution during Fe deposition by Wedler et al. [101] show
that the Fe films are under compressive stress of -3.5 GPa at the initial stage of growth (first
2–3 ML). This stress is even larger than the one resulting from an ideal coherent growth for
which the stress would be given by the 1.36% misfit between Fe (a =0.2866 nm) and GaAs
(a/2 =0.2827 nm) yielding a compressive stress of -2.8 GPa. This enhancement was explained
in terms of surface stress changes when the substrate reconstruction changes to the new in-
terface consisting of Fe, Ga and As atoms. Considering the structural results from the STM
investigation [108] (see model in Fig. 4.6), Fe is expected to be uniaxially strained at the inter-
face. The compression of the lattice parallel to the [110]-direction results in a contribution of
the magneto-elastic energy FMEL per unit volume to the overall free energy density. For cubic
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systems FMEL is given by Eq. (2.5).
The in-plane strain leads to a uniaxial anisotropy contribution in the film plane. Using Eq. (2.5)
and the fact that the in-plane stress is given by 12 parallel to the [110]-direction, FMEL can
be written as 2B2α1α212. Note that 12 is negative in our case due to the compressive stress.
In [102] the magneto-elastic constants of Fe on Ga-terminated GaAs(001) were measured. For
25 nm thick Fe films a value of B2 = 7.2×106 J/m3 was obtained, whereas the Fe-bulk value is
given by B2 = 7.62×106 J/m3. Using the direction cosines α1 = sin θ cosφ and α2 = sin θ sin φ
one gets FMEL = +B212 along the [110]-direction (α1 = α2 =
√
2/2) and FMEL = −B212
along the [11¯0]-direction (α1 = −α2 =
√
2/2). With B2 > 0 and 12 < 0 a total energy
reduction along the [110]-direction results, and the [11¯0]-direction becomes a hard one in ex-
cellent agreement with our results. The contribution of the magneto-elastic anisotropy is directly
given by the energy difference for the two directions, i.e. KMEL2‖ = FMEL[110] − FMEL[11¯0] = 2B212.
For 12 = −1.7% (corresponding to a stress of -3.5 GPa) KMEL2‖ = −2.6 × 105 J/m3 re-
sults. The in-plane magneto-elastic energy density can be written as KMEL2‖ = −B233 (be-
cause 12 = −12 c11c12 33 ≈ −1233). The value of 33 = 3% measured by IV-LEED results in
KMEL2‖ = −2.3× 105 J/m3.
Now both values have to be compared to the measured uniaxial interface anisotropy K s,eﬀ2‖ /d
= -6.2×105J/m3 extracted from FMR data where d is the thickness of the monolayer (d =
0.1433 nm). The values are of the correct order of magnitude and thus it is likely that strain
at the interface plays a crucial role for the uniaxial anisotropy in the film plane. The fact that
the experimental value is larger than the strain induced anisotropy indicates that other sources
contribute to the uniaxial interface anisotropy as well. One reason could be hybridization of
the Fe bands with the ones of Ga and As, in particular when interface intermixing is present.
This anisotropy is strictly an interface term, which only involves the interface or the first atomic
layer of Fe. The variation of the anisotropy with the direction of the dangling bonds is diffi-
cult to predict; it requires a full relativistic band structure calculation. Such a calculation of the
anisotropy terms has been performed by Koˇsuth et al. [117]. However, the authors use a unre-
constructed surface of GaAs. They have concluded that this anisotropy is caused primarily from
the anisotropic Fe chemical bond to the GaAs.
Although the interface obviously exhibits a strain of uniaxial character, in the volume of the
films no uniaxial strain persists as can be concluded from the vanishing value of K v2‖.
In summary, by considering the compressive stress at the interface one can understand the
interface contribution to the in-plane Ks,eﬀ2‖ as well as the volume contribution to the out-of-
plane uniaxial anisotropy Kv2⊥.
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4.8. The onset of the long-range ferromagnetic order
In order to investigate the onset of ferromagnetism sub-monolayers of Fe were grown from 0.5
to 5 ML in steps of 0.3 ML and the FMR experiments were performed as a function of temper-
ature. Fig. 4.12 shows the thickness dependence of (a) the FMR resonance field Bres and (b)
the FMR linewidth ΔBpp measured at T =50 K and f=9.3 GHz with an external magnetic field
applied along the [110]-direction. FMR signals were observed from a film thickness of 2.3 ML
onwards. A significant change for both Bres and ΔBpp was observed at 4 ML. This phenomenon
is likely related to the growth mode of Fe on {4×6}GaAs which proceeds by the nucleation of
3D islands (Volmer-Weber growth) followed by a quasi layer-by-layer growth above a coverage
of several ML (see Sec. 4.2.2). At an average coverage of approximately 2.3 ML the material
behaves superparamagnetic above T = 50 K. At around 2.8 ML the islands merge and the
material undergoes a ferromagnetic transition, showing a large in-plane uniaxial anisotropy. At
the film thicknesses of 2.3–2.7 ML the total magnetic anisotropy of the system is zero which is
shown by the isotropic resonance field Bres of about 330.7 mT. 2.7 ML is the thickness where
the transition from superparamagnetism to ferromagnetism occurs. Furthermore, in situ SQUID
measurements showed that these Fe clusters have a Curie-temperature, which exponentially de-
cays with decreasing thickness [91]. The corresponding critical exponent was determined by
Bensch et al. to be β = 0.26 for Au capped samples, implying that the Curie temperature de-
creases by 270 K per ML [118]. The large value of the resonance linewidth ΔBpp observed
in the transition region (Fig. 4.12 (b)) can be correlated to the large size distribution of the Fe
clusters [10,96,97]. A change in the spin-wave frequency and the broadening of BLS spectra
has been reported by Steinmüller et al. [119] at RT for a film thickness of 3.4 ML, which is in
good agreement with our finding using FMR.
Figure 4.12.: Evolution of (a) the FMR resonance field and (b) linewidth with nominal number of Fe
layers recorded at a microwave frequency of 9.3 GHz and temperature of 50 K.
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4.9. Temperature dependence of the magnetic
anisotropy
In the following section we focus on the temperature dependence of the magnetic anisotropy
of uncovered Fe monolayers on {4×6}GaAs. The temperature dependence of covered Fe films
was measured previously [118,120]. One should note that the magnetic anisotropy terms are
sensitive to the metallic over-layers especially if the thickness of the Fe film is just a few mono-
layers (see Sec. 4.11). Figure 4.13 shows the temperature dependence of the FMR spectra of
a 20 ML sample. All spectra are recorded at the microwave frequency of 9.3 GHz with the
external field applied along the hard in-plane axis ([110]-direction). Note that an additional un-
saturated resonance mode at low field appears below 200 K, which is due to the temperature
dependent change of the in-plane magnetic anisotropy terms.
The anisotropy terms were determined by angle dependent measurements at different tem-
peratures for 5, 6, 7, 15, and 20 ML Fe. The temperature variation of the magnetic anisotropy
parameters is given in Fig. 4.14. Both in-plane uniaxial and cubic anisotropy constants are
large and dominate the Zeeman energy causing such an unusual and surprising triple-line FMR
spectra in the single ferromagnetic layer (Fig. 4.13). It can be seen from Fig. 4.14 that all mag-
netic anisotropy parameters strongly depend on temperature. As the temperature decreases the
χ
χ
χ
Figure 4.13.: Temperature dependence of the FMR spectra of 20 ML Fe on {4×6}GaAs(001) recorded
at 9.3 GHz with the external field applied along the [110]-direction.
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⊥
⊥
Figure 4.14.: Temperature dependence of the magnetic anisotropy (K2⊥, K2‖, and K4) for (a) 5 ML and
(b) 20 ML of uncovered Fe monolayers grown on {4×6}GaAs(001). The insets show the temperature
dependence of the magnetization.
anisotropy terms increase. The magnetization curve is shown as inset of Fig. 4.14. It shows
the slight increase of the saturation magnetization according to the Bloch law (∝ T 3/2). The
ferromagnetic transition temperature of bulk iron is about 1044 K, that is why even at RT the
magnetization is almost fully saturated. Using the temperature dependence of the magnetiza-
tion data measured by SQUID one can determine the temperature dependence of the absolute
value of the anisotropy terms. As supposed in Sec. 4.7.3 the strong uniaxial anisotropy in Fe
films on GaAs originates from the interface and is induced by hybridization of the interface
electronic states in the first Fe layer and the valence electrons in the surface reconstructed GaAs
substrate. Therefore, it is possible that a contraction of interatomic distances, which changes the
degree of the metal-substrate hybridization, may also contribute to the temperature dependence
of the magnetic anisotropy parameters. This is probably the reason for the strong temperature
dependence of K2‖ for the 5 ML sample.
4.9.1. Temperature dependent correlation of the magnetic
anisotropy and magnetization
The correlation between the temperature dependence of the magnetic anisotropy and the mag-
netization has been described by Callen and Callen [121] and others [122–124] in terms
of spin fluctuation theory and random-phase approximation (RPA) [125] considering the
spin-orbit interaction as a small perturbation to the exchange coupling for a bulk magnet.
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Figure 4.15.: (a) Comparison between K2⊥(T )/K2⊥(40) and (M(T )/M(40))2.9 for a 5 ML thick film.
The solid line is a linear fit with a slope of 1 indicating Γ = 2.9 confirming the validity of the single-
ion anisotropy for Fe films on GaAs. The dashed and dotted lines represent Γ = 2.5 and Γ = 3.2,
respectively. (b) Temperature and thickness dependence of K2⊥(T ) in Fe films on GaAs. The linear fits
to the reciprocal thickness dependence of K2⊥(T ) yield the surface-interface and volume contributions
to K2⊥(T ).
Within these theoretical approximations one obtains for the cubic thin film symmetry the
anisotropic part of the free energy due to ligand field effects, which can be written as:
F(θ, φ)=k2⊥Y02(θ, φ)+k4[Y04(θ, φ)+ Y44(θ, φ)+Y−44 (θ, φ)]+k2‖[Y22(θ, φ−δ)+ Y−22 (θ, φ−δ)], where
Yml are spherical harmonics (see appendix A) and the angle θ (φ, δ) is measured with respect
to the [001] ([100])-direction. The different anisotropy coefficients ki and the magnetization M
are related by [121]:
ki(T )
ki(0)
∝
(
M(T )
M(0)
)i(i+1)/2
(4.1)
where i represents the order of the spherical harmonic coefficients ki. Within the exper-
imental analysis most authors use an expansion in terms of the direction cosines, i. e.
F=K2⊥α2z+K2‖α2[110]+K4(α
2
xα
2
y+α
2
xα
2
z+α
2
yα
2
z) [58], the z-direction being the film normal. By
comparing the two different expansions the experimental second and fourth order anisotropy
values, K2⊥, K2‖ and K4—for the [110]-direction (the equilibrium magnetization direction)—
are related to the coefficients ki (see Appendix A for more details). For vanishing in-plane
anisotropy terms, one expects an exponent Γ = i(i + 1)/2 = 3 for the experimentally mea-
sured uniaxial perpendicular anisotropy term K2⊥. In previous experimental works an exponent
Γ=2.6(5) for 5.6 monolayer (ML) Fe on Cu(100) [126] and Γ=6.5 for W(110)/Fe 60Å/W(110)
[127] was reported. While the value for Fe on Cu(100) shows reasonable agreement with the
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single-ion anisotropy theory, the large difference in the case of Fe on W(110) remains unclear.
An unusual exponent Γ=2.1 was also reported for bulk like FePt films [128,129] and found to
be the result of induced Pt moments leading to a two-ion anisotropy [130]. This result has been
confirmed by ab initio electronic structure theory for L10 ordered FePt [131].
A benefit in the case of Fe/GaAs is that by changing the thickness in the monolayer range
one can analyze the influence of different strength contributions of K4, since K4 becomes
smaller for thinner Fe layer and vanishes at 6±1 ML (Sec. 4.5). In this section, we will show
by independent in situ FMR and in situ SQUID measurements that the temperature dependence
of the experimental out-of-plane uniaxial anisotropy and the magnetization obey the expected
power-law only in the case of vanishing K4 that is for 5 ML. In addition, we present the temper-
ature dependence of the effective surface-interface (Ks,eﬀ2⊥ ) and the volume contribution (Kv,eﬀ2⊥ )
of the out-of-plane uniaxial anisotropy constant. The extrapolation to T−→0 K yields the sur-
face and the volume anisotropy which can be compared to ab initio calculations.
The out-of-plane uniaxial anisotropy constant K2⊥ was determined from polar angular de-
pendent measurements which were performed at twelve different temperatures between 40 and
400 K for 5, 6, 7, 15, and 20 ML thick films. The anisotropy constants were obtained using Eq.
(2.21). Since K2‖ is one order of magnitude smaller than K2⊥ whereas K4 is negligible we do
not include the temperature dependence of K2‖ in the analysis by means of the Callen-Callen’s
model. Figure 4.15 shows the results of the analysis according to the Callen-Callen’s model.
The temperature dependence of K2⊥ normalized with respect to its value at 40 K,
K2⊥(T )/K2⊥(40), is plotted versus (M(T )/M(40))Γ with Γ = 2.9±0.2 for a 5 ML film. The
exponent Γ=2.9±0.2 is very close to Γ=3, which is expected according to the Callen-Callen’s
model [121]. One may note that our direct measurement of M(T ) and K2⊥(T ) results in a much
better accuracy than the indirect determination from the competition of shape and magnetocrys-
talline anisotropies at the spin reorientation temperature for 5.6 ML Fe on Cu(100) [126]. The
temperature dependence of the out-of-plane uniaxial anisotropy for a thicker film (20 ML) is
shown in the upper panel of Fig. 4.14 (b). The curvature of the data increases, which indicates
the existence of a non-negligible K4 contribution, which becomes stronger as film thickness
increases. As mentioned above, an evaluation of a small K4 from the measured out-of-plane
angular dependence is not precise enough for a quantitative analysis in terms of a power-law
behavior.
Please note that the Callen-Callen model does not identify the microscopic origin of the
anisotropy contributions, but includes the contributions from magneto-elastic as well as magne-
tostrictive properties entering into the spin hamiltonian through the combination of spin-orbit
coupling and ligand field splitting.
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4.9.2. Temperature dependence of the surface-interface & volume
contributions
In addition to the analysis of the power-law relation of the magnetization and K2⊥ we also deter-
mined the temperature dependence of the surface-interface Ks,eﬀ2⊥ and the volume Kv2⊥ contribu-
tion to the perpendicular twofold anisotropy according to: K2⊥(T )=Kv2⊥(T )+K
s,eﬀ
2⊥ (T )/d [58]
in order to obtain an insight into the microscopic origins. As mentioned in Sec. 4.7 K s,eﬀ2⊥ (T )
is given by the superposition of the Fe-GaAs interface (K s,GaAs2⊥ ) and the vacuum-Fe surface
anisotropy (Ks,vac2⊥ ). Fig. 4.15 (b) shows the reciprocal thickness dependence of K2⊥(T ). A lin-
ear fit for each temperature has been performed to separate the anisotropy contributions. The
resulting temperature dependence of Ks,eﬀ2⊥ (T ) and Kv2⊥(T ) are shown in Fig. 4.16 (a) and (b)
respectively. One may note that the magnitude of K s,eﬀ2⊥ (T ) increases by a factor of 2 and the
one of Kv2⊥(T ) decreases roughly by a factor of 3 when decreasing the temperature between
300 and 40 K. At RT, Kv2⊥ has been explained in terms of a magneto-elastic model, (see Sec.
4.7). Its temperature dependent behavior is most likely due to the temperature dependence of
the magneto-elastic and the elastic constants. The temperature dependence of the vertical lattice
parameter was shown in Fig. 4.3. It was mentioned that this strong temperature dependence of
the vertical lattice parameter is likely related to the nature of the strong bonding at the inter-
face, which fixed the in-plane lattice of the Fe to the one of GaAs and also the difference of
the thermal expansion coefficients of Fe and GaAs where the one of Fe is two times larger than
the one of GaAs [103]. Therefore, it has been assumed that the Fe lattice can be expanded in
the vertical direction only. This assumption led us to calculate the temperature dependence of
the magneto-elastic contribution to K2⊥ according to KMLE2⊥ = 32B1(T ) using the (T ) values
measured by IV-LEED (inset of Fig. 4.16(a)) and the value of B1 = 3.5× 106J/m3 reported by
Wedler et al. [101]. The results are shown as open squares in Fig. 4.16(b), which are in good
agreement with the Kv2⊥ measured by in situ FMR.
The temperature dependence of Ks,eﬀ2⊥ can be extrapolated to T−→0 K, yielding
Ks,eﬀ2⊥ (T −→ 0)=(1.26±0.1)×10−3 J/m2 (649±51.5 μeV/atom), and one of Kv2⊥(T −→
0)=(4±9)×104 J/m3 (3±6.7 μeV/atom). These data allow a correct comparison with ab ini-
tio (T=0) band structure calculations.
In conclusion the magnetic anisotropy and magnetization of uncapped 5-20 ML Fe films
on {4 × 6}GaAs(001) in the temperature range of 40-400 K have been studied using in situ
FMR and SQUID. The out-of-plane uniaxial anisotropy increases as the temperature decreases
and follows the
[
M(T )
M(0)
]Γ
power-law with Γ=2.9±0.2 for a 5 ML film. Different temperature
dependencies of the surface-interface (Ks,eﬀ2⊥ ) and the volume contribution (Kv2⊥) are observed.
The extrapolation of the temperature dependence of Ks,eﬀ2⊥ and Kv2⊥ yields the surface-interface
and volume contributions: K s,eﬀ2⊥ (T −→ 0)=(1.26±0.1)×10−3 J/m2=649±36 μeV/atom and
56
4.10. Temperature-driven morphological transformation
Figure 4.16.: Temperature dependence of (a) the effective surface-interface and (b) the volume magnetic
anisotropy. The inset shows the perpendicular strain component as a function of temperature. The open
squares in (b) are the calculated values of the magneto-elastic contribution to K2⊥ according to KMLE2⊥ =
3
2B1(T ) using the measured (T ) values by means of IV-LEED (inset (a)) and the value of B1 reported
by Wedler et al. [101] to be B1 = 3.5 × 106J/m3. For Kv2⊥ and Ks,eﬀ2⊥ the conversion to μeV/atom is
given by 1×105 J/m3 =7.4 μeV/atom and 1×10−5 J/m2 =5.15 μeV/atom, respectively.
Kv2⊥(T −→ 0)=(4±9)×104 J/m3=3±6.7 μeV/atom, respectively.
4.10. Temperature-driven morphological
transformation
In this section the results of higher temperatures (between 400 and 650 K) are discussed which
were motivated by the study of Shaw et al. [132,133]. By employing ex situ BLS and polar-
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MOKE the authors observed a change in the spin-wave frequency and coercivity in samples
capped by 1.5 nm of Al which were annealed at 573 K. The effect was not observed in high
temperature grown samples and may be related to the formation of the Fe1.8Ga0.2As+Fe2As
alloy, which was observed after annealing a 5 nm Fe film to 723 K [134].
Here, we report on a morphological transformation in uncapped Fe films on GaAs(001),
which causes significant changes of magnetic anisotropy fields whereas the magnetization re-
mains unchanged. In extend to the work by Shaw et al. [132,133] the complete magnetic, struc-
tural, and chemical characterization of uncapped 5 and 10 ML Fe films was performed in situ
under UHV conditions. The change of the anisotropy constants and the magnetization is quanti-
tatively determined and correlated to the change of the topography, crystal structure and chem-
ical composition observed by STM, LEED, and AES. The morphology and microstructure was
studied by in situ STM in another UHV-chamber with a base pressure of 1× 10−10 mbar.
The temperature dependent FMR measurements were performed in the following sequence:
the sample was cooled down to 40 K and subsequently warmed up to 650 K in steps of 10 K.
FMR spectra were recorded at each temperature. In order to check the reversibility of the ex-
periment, the sample was cooled down once more to RT, again in steps of 10 K, at which FMR
spectra were recorded.
Δ
Δ
Figure 4.17.: The temperature dependence of (a) the FMR resonance field and (b) FMR linewidth for
5 and 10 ML Fe films on GaAs(001). The measurements have been performed at 9.26 GHz with the
external magnetic field applied along the [110]-direction. The error bar is smaller than the symbol size.
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For all FMR measurements performed below a thickness dependent critical temperature the
resonance field Bres and the linewidth ΔBpp were the same for cooling and heating cycles. If the
samples are heated above that critical temperature the FMR resonance fields were irreversible,
and a maximum in the temperature dependence of the FMR linewidth was observed. In Fig. 4.17
(a) the temperature dependence of the FMR resonance field Bres for the 5 ML and 10 ML
sample measured at f = 9.26 GHz with an external magnetic field applied along the [110]
crystallographic direction is shown. The [110] direction is the hard in-plane axis for Fe films
on GaAs(001). The temperature dependence of Bres is related to the temperature dependence
of the anisotropy constants and the magnetization according to [58,59]:
(
ω
γ
)2
=
{
Bres‖(T )−B4(T )−B2‖(T )
}× (4.2)
× {Bres‖(T )− μ0Meﬀ(T ) + B4(T )}
where Bi (i = 2, 4) are anisotropy fields defined by the corresponding anisotropy constants
divided by the magnetization (Bi = 2Ki/M). μ0Meﬀ =
(
2K2⊥
M
− μ0M
)
denotes the effective
out-of-plane anisotropy field of the sample. The resonance field of the two samples initially
decreases with increasing temperature and increases again (Fig. 4.17 (a)) above 500 K (580 K)
for the 5 (10) ML film. This behavior can be directly understood from Eq. (4.2). The decrease of
the resonance field is due to the decrease of the anisotropy constants, since the magnetization far
below the Curie temperature is nearly constant. Above 500 K (for 5 ML) and 580 K (for 10 ML)
the temperature dependence of the magnetization overcomes the temperature dependence of the
anisotropy constants and the resonance field increases again as described in Sec. 4.9. Finally, at
the Curie temperature (T = TC  600 K) the anisotropy fields would vanish (Bi = μ0Meﬀ =
0), which in turn yields Bres = ωγ = 330.7 mT, being the so-called ‘isotropic resonance field’.
The decrease of Bres from low temperatures to a minimum at Tmin  500 K for the 5 ML
thick sample and Tmin  580 K for the 10 ML one is due to the temperature dependence of the
magnetic anisotropy and can be quantitatively reproduced by Eq. (4.3) as has been discussed in
Sec. 4.9. When the films are cooled down to RT (open circles) again, the resonance fields (Fig.
4.17(a)) and also the linewidths (Fig. 4.17 (b)) strongly deviate from their initial values (open
squares) indicating that the anisotropy fields and the homogeneity of the structure have changed
irreversibly.
For both films we observe an initial reduction of ΔBpp with increasing temperature fol-
lowed by a peak-like maximum at 480 K for the 5 ML and 610 K for the 10 ML thick sample.
In general, ΔBpp of films with magnetic inhomogeneities show a larger linewidth than magnet-
ically homogeneous films of the same material [135]. Consequently, the peak of ΔBpp suggests
a transformation of the film’s morphology and microstructure and the reduced ΔBpp for the 5
ML sample at lower temperatures an improved magnetic homogeneity after the annealing step.
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Figure 4.18.: Polar (a) and azimuthal (b) angular dependence of the resonance field of a 5 ML Fe film
on GaAs before and after the transformation. The open and closed symbols in (b) represent the saturated
and unsaturated resonance modes. Both measurements were carried out at RT. The inset of (a) shows the
coordinate system used in our FMR measurements and data analysis.
In order to quantify the anisotropy fields for both films, angle dependent FMR measure-
ments with the magnetic field applied at polar angles −90◦ ≤ θB ≤ 90◦ within the (11¯0) plane
(see the inset of Fig. 4.18) were performed at 9.26 GHz. The in-plane angle was varied within
the range -48◦ ≤φB≤-42◦ with respect to the [100]-direction and FMR spectra were recorded
at 4.02 GHz. In Fig. 4.18 the polar and azimuthal angular dependencies of the resonance field
at RT before and after the transformation are plotted for the 5 ML thick sample. The absolute
value of the saturation magnetization M (see Eq. (4.3)) was determined by in situ HTS-SQUID
measurements at RT before and after this transformation. Interestingly, the RT value of the mag-
netization does not change even when the sample is warmed up to higher values than the critical
temperature (transformation temperature) and cooled down again to RT. The anisotropy fields
were calculated according to the resonance equations (Eqs. (2.21) and (2.22)).
The room temperature magnetic anisotropy constants as well as the magnetization values
are listed in Tab. 4.3. The cubic anisotropy is enhanced by a factor of 2 for the 10 ML sample
and by a factor of 5 for the 5 ML one after the temperature-driven transformation. The in- and
out of-plane uniaxial anisotropy for both films decreased by about 20% and 10%, respectively.
The effect of annealing on the morphology of the Fe layers was studied by STM. The
films were annealed for 10 minutes at different temperatures and imaged by STM at RT. Figure
4.19 shows a typical STM image after heating the iron film to 670 K. The inset shows the
morphology at RT with typical cluster sizes of 4 nm. The transition proceeds in a first step
by island coalescence forming a nearly closed iron layer. In a second step at a slightly higher
temperature the continuous layer breaks up into larger rectangular islands (type A in Fig. 4.19)
and smaller islands with an oval shape and a diameter of roughly 15 nm (type B in Fig. 4.19).
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Thickness K2⊥ K4 K2‖ M
(ML) (105J/m3) (105J/m3) (105J/m3) (106A/m)
before 10±0.5 6.0 0.15 -0.55 1.7
after 10±0.5 4.4 0.32 -0.41 1.7
before 5±0.5 11.1 0.04 -1.20 1.5
after 5±0.5 9.8 0.20 -1.00 1.5
Table 4.3.: Room temperature magnetic anisotropy constants of Fe on GaAs(100) before and after the
morphological transformation. The error bar of the magnetic anisotropy parameter is 0.05 × 105 J/m3.
The large rectangular islands form mesas with a height of 4-5 nm and a width of several hundred
nanometers. The oval islands (type B) are embedded in the substrate surface. Due to the much
larger magnetic volume of the type A islands, they dominate the magnetic behavior of the
Fe film. The directions of the edges of island type A are along [110] and [11¯0], where an
elongation along [11¯0] seems to be present. The effect of the morphology change can be seen
clearly at annealing temperatures above 580 K. Moreover, the type A islands show a surface
reconstruction which results from Gallium segregation (see below).
In the following we will discuss the possible sources of the change in the anisotropy val-
ues based on our structural investigation together with the compositional and morphological
0 200 400 600 800 1000 12000
4
8
12
H
e
ig
h
t
[n
m
]
Length [nm]
c)
b)
10 20 30 40
0.2
0.4
0.6
0.8
H
e
ig
h
t
[n
m
]
Length [nm]
a)
Figure 4.19.: (a) Room temperature STM image of a 5 ML Fe/GaAs(001) after heating up to 670 K
showing big, flat, rectangular Fe islands (marked as A) as well as small oval islands, which are embedded
into the surface (marked as B). The inset shows the morphology of the typical 3D-cluster-like Fe growth
on GaAs(001) at RT before the transformation. (b) and (c) are the typical line scans of the structures
before and after the transformation respectively. Tunnelling current and bias voltage were 25 pA, and 2.4
V. Images were recorded by C. Urban.
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characterization of the films.
The enhancement of the cubic anisotropy during the transformation can be explained by the
fact that the formation of the rectangular island (type A in Fig.4.19) leads to a development of
defined island edges along the [110]- and [11¯0]-direction. In addition, the cubic structural order
within these islands increases as evidenced by the observation of a sharper LEED pattern. At
the same time the Auger peak-to-peak ratio of the Ga MLL transition to the Fe LMM transition
increases indicating that the Fe film has broken up exposing large GaAs areas to the electron
beam. As a result the enhancement of the cubic anisotropy could result also from the segregation
of the substrate materials on the surface (most likely Ga) which has direct impact on the surface-
interface contribution of the cubic anisotropy. As the surface contribution for the Fe/GaAs(001)
system was found to have the opposite sign compared to the volume part [62], the enhanced
overall cubic anisotropy could thus be related to a reduction of its surface-interface contribution.
From the enhanced Ga AES intensity we conclude that a Ga segregation towards the film surface
seems to be a probable source for the surface anisotropy modification.
The in-plane uniaxial anisotropy is reduced after the transformation (see column 5 of
Tab. 4.3). Since the in-plane uniaxial anisotropy results mostly from the interface proper-
ties [8,62], the decrease of the in-plane uniaxial anisotropy K2‖ could also be the result of the Ga
segregation that was evidenced by our AES study. XPS measurements by Shaw et al. [132,133]
show that more Ga had reacted with Fe in annealed samples at 573 K, thus confirming this
scenario. Another source for the reduced value of K2‖ is found from the STM images that show
that the rectangular Fe islands are mostly elongated along the [110]-direction (see Fig. 4.19).
Consequently, this particular direction has a geometrical preference over other directions after
the morphological transformation. As the [110]-direction was found to be the easy axis of K2‖
in as-prepared Fe/GaAs(001) films (see [62] and references therein for details), the anisotropic
island shape favors the [110]-direction and might weaken the uniaxial anisotropy further. A
change in the film strain can be ruled out since our IV-LEED experiment shows that the inter-
layer distance does not change during the transformation. Therefore, the part of K2‖ caused by
stress at the interface is almost unaffected during the transformation. This confirms our pre-
vious explanation of the origin of K2‖ using a magneto-elastic model and a hybridization at
the interface [62]. The magneto-elastic contribution to K2‖ does not change according to our
IV-LEED strain analysis. The change of the uniaxial in-plane anisotropy must therefore be due
to the changes of the electronic structure at the interface along preferential crystallographic
directions.
The IV-LEED result also leads to the conclusion that the reduction of the perpendicular
uniaxial anisotropy K2⊥ must be due to a reduction of its surface contribution, since its volume
contribution, being much smaller, was found to result exclusively from in-plane stress in the
film (see Sec. 4.7). The change in the surface contribution to K2⊥ could either be the result
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of the Ga segregation or of a change in the surface roughness as observed in our STM images
(Fig. 4.19). Such a morphological influence, i.e. the change of the surface roughness, on the
perpendicular magnetic anisotropy of ferromagnetic layers on metallic substrates was already
reported previously [136,137]. Theoretically, the roughness has two effects on the perpendicular
surface anisotropy: (i) dipolar anisotropy and (ii) magnetocrystalline step anisotropy [138]. The
roughness creates in-plane demagnetizing fields at the edges of the terraces, thereby reducing
the shape anisotropy and favoring a perpendicular magnetization direction. The magnitude of
this effect can be calculated using our experimentally determined roughness parameter σ and
the lateral correlation length ξ:
Ks = EShape · 3
4
· σ{1− f [2π(σ
ξ
)]} (4.3)
EShape =
1
2
μ0M
2 is the shape anisotropy. The function f [2π( σ
ξ
)] is defined in Ref. [138] and
becomes 1 if σ
ξ
−→ 0 (for a very smooth surface) and ∼ 0.1 if σ
ξ
−→ 1 (for a surface with
a roughness parameter being of the order of the lateral correlation length). The SQUID data
yield the same value EShape = 14.13 × 105J/m3 before and after the transformation, i.e. no
change of the magnetization itself is observed. Our STM images show a roughness parame-
ter of σbefore=0.6 nm and a correlation length of ξbefore=7 nm (σξ  0.85) for the 5 ML sample
before the transformation, which are changed to σafter =4 nm, ξafter =500 nm after the trans-
formation (σ
ξ
 0.99). This means that the surface becomes smoother after the transformation,
yielding a reduction of the surface contribution to the perpendicular magnetic anisotropy of
about ΔKs2⊥ = 0.953 × 10−4 J/m2. Correspondingly, the total perpendicular anisotropy is re-
duced by about ΔK2⊥ = 1.34 × 105 J/m3, which is about the value determined by our FMR
experiments. Using the pair interaction model, Bruno [139] showed that steps reduce the sur-
face magnetocrystalline anisotropy. The reduction for a simple cubic (100) surface is given by
−2σ/ξ. In our case this origin is of minor importance because our films become smoother after
the transformation. We conclude that the reduction of K2⊥ is mainly due to the annihilation of
in-plane demagnetizing fields at the edges of terraces, thereby increasing the shape anisotropy
and consequently, reducing K2⊥.
In conclusion, the change in the magnetic parameters of 5 and 10 ML of Fe grown on
GaAs(001) caused by a temperature induced morphological transformation has been studied by
means of in situ FMR and in situ SQUID magnetometry. The structure and chemical compo-
sition of the films have been investigated using in situ STM, (IV)-LEED and AES. The mor-
phological change is accompanied by a drastic change of the magnetic anisotropy, whereas
the saturation magnetization is found to remain almost unaffected. The change in magnetic
anisotropy is quantitatively explained by the observed changes of the structure, morphology
and the chemical composition of the films.
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4.11. The effect of an Ag over-layers on the magnetic
anisotropy
The surface magnetic moment and the magnetic anisotropy of Fe monolayers on W(011) have
been investigated by Elmers [140,141]. Interestingly, no significant changes of the surface mag-
netic moment and the surface anisotropy of Fe/W(011) were observed when covering with Ag.
The magnetic surface anisotropy of vacuum/Fe(001) thin films has been reported to be larger
than the other interfaces (i.e. Ag/Fe(100), Au/Fe(100), Cu/Fe(100)) [106,114] meaning that the
existence of the cover layers on Fe(001) surface decrease the surface anisotropy. In order to
study the effect of the over-layers on the magnetic anisotropy of Fe/GaAs, FMR experiments
were carried out before and after deposition of different layers of Ag ranging from 1 to 5 ML.
All measurements were performed in situ. The FMR signal of the 2.8 ML thick sample disap-
peared when one ML of Ag was deposited. The temperature dependent measurements on this
sample show that the Curie temperature is reduced to about Tc=195 K. The ferromagnetic signal
reappears for 1 ML Ag/Fe/GaAs at RT only for Fe films thicker than 3.1 ML. The reduction of
the Curie temperature in the presence of the Ag over-layer most likely results from a change of
the electronic band structure of the Fe film due to the presence of Ag atoms (either on top or
inside the Fe film). A change of the band structure would in turn change the magnetic moments,
the magnetic anisotropy, and/or the exchange interaction between the Fe atoms. All these quan-
tities are strongly related to the Curie temperature so that a change of its value due to Ag is very
likely. However, theoretical support is needed to verify this scenario. Furthermore, it was found
that the FMR resonance field shifts to lower fields as the first layer of Ag is deposited meaning
that mainly the first layer of Ag changes the anisotropy terms. In order to quantitatively deter-
mine the change of the magnetic anisotropy in the presence of the Ag over-layer, the magnetic
anisotropy was studied for four different thicknesses of Fe layers (4, 10, 20, and 30 ML) and
the results are summarized in Tab. 4.4.
Figure 4.20 shows the magnetic anisotropy constants as a function of Ag over-layer indi-
cating that the most prominent change happens when the first ML of Ag is added. This behavior
can be understood from the fact that Fe and Ag are immiscible in the bulk. The change of K2⊥
is due to a change of the surface contribution to K2⊥, which was found to mainly result from
the Fe/vacuum interface (see Sec. 4.7). In the following we discuss the change of the anisotropy
terms in the presence of Ag.
As the first atomic layer of Ag is deposited, K2‖ is changed by about 10% for a 4 ML thick
Fe layer while it remains unchanged up to a 20 ML thick Fe layer. This clearly indicates the
Fe/GaAs-interface nature of K2‖ as discussed in Sec. 4.7.3.
A change of the cubic anisotropy (K4) is observed for all Fe thicknesses, i.e., volume and
surface contribution to K4 are affected due to the presence of Ag. We propose that a change of
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Investigated K2⊥ K4 K2‖ μ0Meﬀ2
K4
M
K2‖
M
Systems (105J/m3) (105J/m3) (105J/m3) (mT) (mT) (mT)
1 Ag/30 Fe/{4×6}GaAs 0.8 0.46 -0.04 -1021 27 2.35
2 Ag/30 Fe/{4×6}GaAs 0.8 0.46 -0.04 -1021 27 2.35
5 Ag/30 Fe/{4×6}GaAs 0.8 0.46 -0.04 -1021 27 2.35
1 Ag/20 Fe/{4×6}GaAs 1.5 0.4 -0.05 -980 23.5 2.35
2 Ag/20 Fe/{4×6}GaAs 1.4 0.38 -0.05 -985 22.4 2.35
5 Ag/20 Fe/{4×6}GaAs 1.3 0.35 -0.05 -991 20.1 2.35
1 Ag/10 Fe/{4×6}GaAs 4.7 0.16 -0.58 -790 9.4 33.53
2 Ag/10 Fe/{4×6}GaAs 4.6 0.14 -0.55 -798 8.24 32.35
5 Ag/10 Fe/{4×6}GaAs 4.5 0.13 -0.55 -803 7.65 32.35
1 Ag/ 4 Fe/{4×6}GaAs 10.7 -0.04 -1.15 -386 -2.35 67.7
2 Ag/ 4 Fe/{4×6}GaAs 10.4 -0.07 -1.1 -398 -4.12 64.7
5 Ag/ 4 Fe/{4×6}GaAs 10.3 -0.07 -1.1 -398 -4.12 64.7
Table 4.4.: The measured magnetocrystalline anisotropy constants of Fe monolayers in Ag/Fe/{4×6}
GaAs(100) structures for different numbers of Fe and Ag layers. The integers in the first column denote
the number of monolayers. All samples are measured in situ and at RT. The conversion to μeV/atom can
be given by 1×105 J/m3 =7.4 μeV/atom.
the density of states of the Fe is the reason for the slight change of the volume contribution to
the cubic anisotropy. The relative change of K4 is, however, largest for the 4 ML Fe film. This
implies that the influence on the surface contribution is the dominating one.
4.12. Frequency dependent measurements and
g-factor
Now we turn to the frequency dependent results. Figure 4.21 shows the resonance frequency
as a function of the resonance field for the magnetic field applied along the [11¯0]-direction.
The solid, pointed, and dashed lines show the dispersion relation (2.23), for 5, 15, and 20 ML
uncapped samples. The magnetic anisotropy constants of Tab. 4.1 were used to simulate the
dispersion relation. The experimental data points (symbols) fall onto the fit curves as expected.
At 9.3 GHz the low field (unsaturated) resonance of 5 ML film cannot be excited due to the
relative high in-plane uniaxial anisotropy. While the open squares represent the measurements
at 4 GHz (S-band), the full circles and diamonds show the measurements at 9.3 GHz (X-band)
and 24 GHz (K-band). The point at f = 24 GHz was obtained for a 20 ML Ag capped Fe film
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Figure 4.20.: The magnetic anisotropy terms as a function of the thickness of the Ag over-layer. (a) 4
ML (b) 10 ML and (c) 20 ML Fe grown on {4×6}GaAs(001).
which has been measured ex situ.
As described in Sec. 2.3 the frequency dependence of the FMR resonance field can be
used to determine the g-factor. Since the deviation of the g-factor from the free electron value
(gelectron = 2.0023) is usually very small, a frequency dependent measurement over a wide
Figure 4.21.: Dispersion relation for 5, 15, and 20 ML Fe films on {4×6}GaAs(001) using the magnetic
anisotropy constants of Tab. 4.1 in Eq. (2.23). The external magnetic field is applied along the [110]-
direction. The points near 24 GHz for 15 and 20 ML films are measured ex situ for samples capped with
3 nm Ag.
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Figure 4.22.: The square of the resonance frequency versus the resonance field. The solid and dashed
lines are fits according to Eq. (2.23).
range of microwave frequencies is needed. The g-factor of the 10 and 40 ML thick samples was
measured by performing a frequency dependent measurement in the frequency range of 1-70
GHz.
In Fig. 4.22, the square of the frequency versus resonance field is plotted and fitted accord-
ing to Eqs. (2.23) and (2.24). In the case of the 40 ML sample the g-factor is very close to the
Fe-bulk value (g = 2.09); for the 10 ML sample the g-factor is enhanced (g = 2.19± 0.05).
The enhanced g-factor indicates an increased orbital moment. According to Kittel’s formula
the deviation of the g-factor from the free electron value in 3d elements can be written as [58]
g − 2 = 2
(
μL
μS
)
(4.4)
where μS and μL are spin and orbital moments respectively. We note that Kittel’s formula is
valid only for the small value of μL/μS but for the large value, it should be modified. However,
it yields the lower limit of μL/μS . Therefore, we were led to approximate μL/μS with lower
limit using Kittel’s formula (4.4). This results in a ratio of orbital to spin moment of μL/μS =
0.095 ± 0.02 for the 10 ML sample. This means that the orbital moment is enhanced by more
than 200% whereas the spin moment is found to be unchanged and very close to the bulk value
(see Fig. 4.10). We conclude that this enhancement is related to the individual properties of the
Fe/GaAs interface. Fully relativistic band structure calculations showed that the 3% distortion of
the Fe lattice does not affect the orbital and spin moment and consequently the g-factor [142].
Therefore, a strain induced change of the g-factor can be ruled out. Our results are in good
agreement with the observation of the enhanced orbital moment measured by X-ray magnetic
circular dichroism (XMCD) [143]. The authors have found a ratio of μL/μS = 0.117 ± 0.011
for 8 ML Fe/GaAs(001) [143]. They suggested that the enhanced orbital moment is due to an
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increased electron localization of the Fe atoms at the interface in contact with Ga (or As) atoms.
4.13. Summary
A detailed study of the growth and in situ magnetic characterization of Fe monolayers was pre-
sented. The magnetic anisotropy and the magnetization were determined in absolute units and
the origin of the different anisotropy contributions was ascribed to be the effect of magneto-
elastic anisotropy. A magneto-elastic model was employed to explain the anisotropy contribu-
tions using the direct stress components measured in situ by IV-LEED.
The temperature dependence of the different anisotropy contributions was determined and
the power-law relation between the temperature dependence of the perpendicular magnetic
anisotropy and the magnetization was investigated, which reveals that the single-ion magnetic
anisotropy is the dominating microscopic origin in the ultrathin magnetic structure. It was found
that the perpendicular magnetic anisotropy (similar to the cubic magnetic anisotropy) obeys the
single-ion-anisotropy model. Moreover, the temperature dependence of each anisotropy contri-
bution was determined and extrapolated to zero Kelvin, which allows quantitative comparison
with first principle calculations.
It was observed that the Fe films exhibit a temperature-driven morphological transformation
occurring at temperatures higher than 550 K depending on the film thickness. During this trans-
formation the cubic anisotropy increases by a factor of more than 2, while the perpendicular
and in-plane uniaxial anisotropies decrease by about 15 and 10%, only.
The effect of a Ag over-layer (1–5 and 30 ML) was studied. It was demonstrated that a
single layer of Ag increases the critical thickness for the onset of ferromagnetism from 2.8 ML
Fe/GaAs to 3.1 ML for 1 ML Ag/Fe/GaAs at room temperature. This can be related to the
suppression of the surface contribution to the perpendicular magnetic anisotropy by about 20%.
The Ag capping has only minor effects on the in-plane magnetic anisotropy.
Finally, an enhanced orbital moment for thinner Fe layers on GaAs was observed, which is
attributed to the nature of the Fe-GaAs interface and the enhanced spin-orbit coupling of the Fe
atoms at the interface.
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In this chapter the experimental results of the in situ FMR experiments of ultrathin Fe films
grown on {4×6} reconstructed GaAs(001) with a buffer layer of silver will be presented. The
role of the silver buffer layer is to modify the interface stability and also the magnetic behavior
at the interface. while the interface uniaxial in-plane anisotropy decreases as the thickness of
the Ag buffer layer increases, no significant change is observed for other anisotropy terms.
5.1. Introduction
Control of the interface is the key for ‘spintronics’. The spin injection efficiencies reported
for Fe/GaAs [1] as well as for Fe/AlGaAs (up to 32% at 4.5K) [144] are lower than for all
semiconductor structures at low temperatures. A significant increase in spin injection efficiency
can be achieved by optimizing the interface structure. For example, it has been shown that for
the case of Fe/AlGaAs structures a decrease in interface roughness significantly increases the
spin injection efficiency [144]. In order to get an insight into this issue the magnetic parameters
of Fe films grown on Ag buffer layers of varying thickness were studied. It is well-known
that the Ag/GaAs interface is thermodynamically more stable than the Fe/GaAs interface [17].
Furthermore, the Ag/Fe(100) interface has been predicted to have a strong spin dependence of
the interface resistance and should therefore be a good polarizer [18]. Consequently, a strong
spin transfer effect can be expected in systems with an Fe/Ag interface [19]. The only problem,
which arises, is the formation of electrical shunts due to the Ag layer. This can be prevented if
the chosen buffer layer is thin enough (1-5 ML) [17]. The thickness of the Fe film was chosen
to be 10 ML and the thickness of the Ag layer was varied.
5.2. Sample preparation
The substrate preparation for this structure follows the procedure, which has been reported in
Sec. 4.2.1. The growth of Fe/Ag/{4×6}GaAs(001) is shortly reviewed below.
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5.2.1. Growth of Ag on GaAs
The Ag buffer layers were grown in thicknesses of 1, 2, and 5 ML at RT with a deposition
rate of 0.8 ML/min. The pressure rises during evaporation to about 1.0×10−9 mbar while Ag
was evaporated from a molybdenum crucible. A LEED experiment was carried out immediately
after the growth. The substrate LEED pattern disappears after the deposition of the first atomic
layer of Ag. No LEED pattern was observed for 1 and 2 ML Ag. A quadratic LEED pattern was
observed for a 5 ML Ag film (see Fig. 5.1 (b)).
While the LEED patterns of bcc and fcc structures are not directly distinguishable, we
were performed an IV-LEED experiment in order to obtain an insight into the structure of the
Ag layer. The IV-LEED data are shown in Fig 5.1 indicating an fcc structure with a lattice
parameter close to Ag-bulk. Furthermore, the crystallographic axes of Ag are rotated by 45◦
with respect to the ones of the substrate. Bulk-Ag with fcc structure has a lattice parameter
of 0.409 nm whereas the one of GaAs is 0.5654 nm and one would expect a rotation of the
crystallographic axes. A schematic illustration of growth relationship in Ag/GaAs is shown in
Fig. 5.2.
The AES data show that LMM peaks of the Ga (As) disappear after deposition of a 2 ML
Ag, confirming no out-diffusion of the Ga(As). This observation is also a confirmation that the
Ag/GaAs interface is thermodynamically more stable than the Fe/GaAs interface.
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Figure 5.1.: (a) A typical Bragg reflection observed for 5 ML Ag/GaAs. The integers show the order of
the Bragg peaks. (b) LEED-pattern recorded at an electron energy of 117 eV. (c) The energy of Bragg
peak position as a function of the square of the order of the Bragg peak positions. The solid line is the
best linear fit to the experimental data. The slope of the linear fit directly yields the vertical layer spacing.
The measurements are performed at RT.
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5.2.2. Growth of Fe/Ag bilayer structures
A 10 ML Fe film was deposited directly onto Ag/GaAs with a deposition rate of 1 ML/min at
RT. The sample was immediately characterized by LEED and AES indicating a well-ordered
bcc structure. In Fig. 5.2 a schematic illustration of the growth relationship of Fe/Ag/GaAs(001)
structure is shown. Although the Ag lattice is rotated by 45◦ with respect to the GaAs lattice the
Fe lattice is parallel to the one of GaAs.
Figure 5.2.: A schematic illustration of the substrate and over-layer lattice structure in Fe/Ag/GaAs. The
upper parts show the bulk structure whereas the lower parts show the atomic structure of the (001)-plane.
The unit cells are shown as rectangles.
5.3. The effect of the Ag buffer layer on the magnetic
anisotropy
In Fig. 5.3 the FMR dispersion relation of 10 ML Fe/Ag/{4×6}GaAs for different thicknesses
of Ag buffer layers is plotted. The resonance field moves to lower fields as the thickness of the
Ag buffer layer increases indicating a change in the magnetic anisotropy constants.
The magnetic anisotropy of the 10 ML Fe/Ag/{4×6}GaAs was determined by performing
polar and azimuthal angle dependent measurements of the resonance field as discussed in Sec.
2.3.
Fig. 5.4 shows the magnetic anisotropy of 10 ML Fe/Ag/{4×6}GaAs structure as a function
of the Ag buffer layers. Interestingly, only K2‖, is affected by the Ag buffer layer. This again
indicates that the uniaxial anisotropy is an interfacial effect as described in Sec. 4.7.3. A single
layer of Ag suppresses K2‖ by 15%. This effect becomes stronger as the thickness of Ag buffer
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}}
Figure 5.3.: The resonance frequency as a function of the resonance field of 10 ML Fe/Ag/{4×6}GaAs
for different thicknesses of the Ag buffer layer at RT.
layer increases. K2‖ for a sample with 5 ML Ag buffer layer, is reduced by approximately 25%
with respect the samples without buffer layer.
Figure 5.4.: The magnetic anisotropy constant of 10 ML Fe in Fe/Ag/{4×6}GaAs layered structure as a
function of the Ag buffer layer.
5.4. Summary
In summary, the magnetic anisotropy of Fe layers grown on 1, 2, and 5 ML thick Ag buffer lay-
ers of were studied. The Ag/GaAs interface is thermodynamically more stable than the Fe/GaAs
interface. A rotation of the crystallographic axes of the Ag buffer layer with respect to the ones
of the GaAs substrate was found. A single atomic layer of Ag decreases K2‖ by almost 15%.
This effect becomes stronger as the thickness of the Ag layer increases; for example a 5 ML
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Ag layer reduces the in-plane uniaxial anisotropy by about 25%. It is interesting to notice that
the other anisotropy contributions are just slightly affected by the existence of the Ag layer,
again due to the FM/SC interface nature of K2‖. Our investigation demonstrates that this kind
of structure has, in principle, the capability to be used in future spintronic devices while the
thickness of the buffer layer is thin enough to prevent the electrical shunts.
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In this chapter the experimental results of the in situ FMR experiments of Fe monolayers (3–30
ML) grown on {4× 2} reconstructed InAs(001) are presented. It is observed that both surface-
interface and volume contributions to the perpendicular magnetic anisotropy favor an easy axis
perpendicular to the film plane. The cubic surface-interface anisotropy is relatively large with
an easy axis along the 〈110〉-directions in contrast to the volume contribution, which favors an
easy axis along the 〈110〉-directions. The volume contribution is found to be larger than the
Fe bulk cubic anisotropy. A thickness independent uniaxial anisotropy was found for all films.
The volume contributions to the uniaxial in- and out-of-plane, as well as cubic anisotropy are
ascribed to be the effect of magneto-elastic anisotropy.
6.1. Introduction
Another candidate for ‘spintronics’ is the Fe/InAs(100) structure. InAs has a narrow band-gap
(less than 0.4 eV), which makes Fe/InAs an ideal ohmic contact as reported by Xu et al. [22].
Moreover, InAs is a very good candidate for high speed electronics and infrared optoelectronics,
due to its large electron mobility [larger than 3.5 m2
V s
] and considerably large Rashba effect.
The epitaxial growth of Fe on {4×2}InAs has been studied over last few years [22,95,145–
149]. It has been shown that As and In react partially with the Fe layer at the interface and a
segregation of the substrate materials (mainly In) on the surface has been observed [146,147].
It has been demonstrated by Teodorascu et al. that the Fe/InAs interface is much less reactive
than the one of Fe/GaAs and the interface formation has been found to be restricted to only 0.6
ML [150–152].
The spin injection into InAs has been predicted by Zwierzycki et al. [20] and later demon-
strated by Ohno et al. [21] who found a circular polarization of about -12% at T=6.5 K and
an applied magnetic field of 10 T. The phase diagram of an InAs(001) surface structure studied
by Yamaguchi and Horikoshi [153] using reflection high-energy electron diffraction (RHEED),
STM and Monte carlo simulation shows a phase transition between As-stabilized {2 × 4} and
In-stabilized {4×2} surface reconstructions. According to their studies a {4×2} surface recon-
struction is more In-rich. In order to avoid the possible formation of FeAs alloys (magnetically
dead layers) the {4× 2} surface reconstruction (In-rich) was chosen for our investigation.
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In this chapter the epitaxial growth and the magnetic anisotropy of Fe monolayers grown
on {4×2}InAs are presented and all structural and magnetic characterizations are performed in
situ under UHV conditions.
6.2. Sample preparation
In the following section the sample preparation of Fe/{4×2}InAs(001) is described.
6.2.1. Substrate preparation
A 4×4 mm2 piece cut from commercially available n-type InAs(001) wafers has been used as
substrate. It was cleaned in an ultrasonic bath using pure acetone and isopropanol and imme-
diately transferred into the UHV chamber. Inside the UHV chamber the substrates were first
outgassed by slightly rising the temperature to about 550 K, so that the pressure did not exceed
1×10−9 mbar. In order to obtain the {4×2} surface reconstruction the substrate was sputtered
and subsequently annealed several times. The annealing temperature was about 580 K and a
low energy Ar+ sputtering (0.5 keV) with a partial Ar+ pressure of about 1×10−5 mbar and
an Ar+-ion current density of about 2μA/cm2 was used. The cleanliness of the substrates was
revealed by AES. Although the intensity of the In MNN transition with respect to As LMM
transition is very large, a comparison of our AES measurements with the spectra taken from the
pure elements [87] shows an In-rich surface. An AES spectrum and a typical LEED pattern of
a clean {4×2}InAs surface are shown in the inset of Fig. 6.1 (a). Streaky of middle spots in
×2-direction is due to the random combination of domains of {4×2} and other reconstructions
(more likely c{2×8}). In Fig. 6.1 (b) the schematic representations of the {4×2} reconstruc-
tions taken from Ref. [153] are shown. It should be noticed that a confusing notation was given
in the literature [146,149,154]. The notation {4×2} specifies the orientation of the pattern, with
the ×2-direction along [011] and the ×4-direction along [011]. This notation is consistent with
that used to define the {4×2} and {2×4} reconstructions of GaAs(100) [153]. It is essential to
know the orientation of the LEED pattern, since the [011]- and [011]-directions are inequivalent
with respect to the bulk [155]. In the [100] direction, zincblende structure III-V semiconductors
consist of alternating layers of anions (e.g. As) and cations (e.g. In). If the crystal is terminated
with a layer of anions, their dangling bonds lie in the (110) plane (i.e. oriented along [110]). If
the crystal is terminated with a layer of cations, their dangling bonds lie in the (110) plane (i.e.
oriented along [110]). A schematic illustration of the anions and cations dangling bonds at the
(001) surface is given in Fig. 6.1 (b). For the {4×2} pattern, the periodicity is doubled along
the direction of the indium dangling bonds, and quadrupled along the direction of the arsenic
dangling bonds.
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Figure 6.1.: (a) A typical AES spectrum of a clean InAs substrate. The inset shows a LEED pattern taken
at an electron energy of 81 eV showing a well ordered {4×2} reconstruction. (b) Schematic representa-
tion of the direction of the dangling bonds at the (001)-plane of a III-V semiconductor surface [155]. (c)
Schematic illustration of the possible atomic structure of {4×2}InAs(001) (taken from Ref. [153]).
6.2.2. Growth of Fe on InAs(001)
The Fe films were grown at RT by MBE with a deposition rate of 0.5 ML/min monitored by
a quartz micro balance. The base pressure of the chamber was about 1×10−10 mbar and rose
during Fe-deposition up to about 6×10−10 mbar. A LEED and an AES analysis were performed
to verify the film quality. The LEED pattern disappeared immediately after the deposition of the
first Fe layer, and a diffuse LEED pattern appeared with broad spots around 30 ML. Such an
observation has been reported also by other groups [22,145]. Our AES results show segregation
of In on top of the Fe films, since the MNN peak of In does not disappear even for Fe layers
thicker than 30 ML (see Fig. 6.2).
Figure 6.2.: The ratio of AES peak-to-peak intensities of the In MNN line to the Fe LMM line. Inset
shows the AES peak-to-peak intensities of the As LMM line with respect to the Fe LMM line. The solid
curves are the guides to the eyes.
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6.3. Magnetic anisotropy
In order to determine the magnetic anisotropy in situ FMR measurements have been carried out
immediately after growth as described in Sec 4.3. In this case a full in-plane angular dependent
measurement was performed in situ at a microwave frequency of 9.3 GHz.
A typical polar and azimuthal angular dependence of the FMR resonance field, Bres, mea-
sured at RT is shown in Fig. 6.3. The solid curves in Fig. 6.3 are fits according to Eqs. (2.21)
and (2.22).
For a film thickness above 20 ML an unsaturated resonance mode was observed very close
to the hard axis (similar to the one of Fe/GaAs system, see Sec. 4.3).
The magnetocrystalline anisotropy constants are listed in Tab. 6.1 for different film thick-
nesses (d=5–30 ML). As capped Fe films on InAs measured by McPhail et al. showed a bulk
like magnetization [109] the bulk magnetization (M=1.71×106A/m) was used to extract the
anisotropy constants from the measured anisotropy fields.
The value of the perpendicular uniaxial anisotropy K2⊥ in the second column of Tab 6.1
does not overcome the one of the shape anisotropy given by EShape = 12μ0M
2 (for M = 1.71×
106A/m, EShape=18.35 J/m3 ). Consequently, the magnetization lies in the film plane for all
thicknesses as can be seen from the out-of-plane angular dependence of the resonance field
(see Fig. 6.3 (a)). The cubic anisotropy K4 is positive for all films meaning that the favorable
easy magnetization direction should be the 〈100〉-direction within the thicker films (because
thicker films have a dominating cubic anisotropy). For a film thickness below 7 ML the in-
plane uniaxial anisotropy K2‖ (the fourth column of Tab. 6.1) is the dominating in-plane term.
The positive sign means that the favored easy axis is the [110]-direction. The interplay between
Figure 6.3.: (a) Polar and (b) azimuthal angular dependence of the resonance field measured at 9.3 GHz
for different thicknesses of Fe layers grown on {4×2}InAs. The solid curves are fits to the experimental
data.
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Thickness K2⊥ K4 K2‖ μ0Meﬀ2 K4/M K2‖/M
(ML) (105J/m3) (105J/m3) (105J/m3) (mT) (mT) (mT)
Fe-Bulk – 0.48 – -1072 27.5 –
30 5 0.58 0.10 -774 34 5.8
20 6 0.52 0.11 -715 31 6.5
16 7 0.500 0.11 -656 29 6.5
15 8 0.47 0.11 -597 28 6.5
12 8.8 0.40 0.11 -550 24 6.5
10 9.8 0.35 0.11 -491 21 6.5
8 11 0.28 0.12 -421 16 7.1
7 12 0.20 0.13 -362 12 7.6
5 14 0.12 0.15 -244 7.0 8.8
Table 6.1.: The measured magnetic anisotropy constants of uncapped Fe layers on {4×2}InAs(100).
All samples were measured in situ at RT. The conversion to μeV/atom can be given by 1×105 J/m3
=7.4 μeV/atom. The bulk value is taken from Ref. [88].
K4 and K2‖ leads to a change of the easy axis from the [100]- towards the [110]-direction as
the thickness of the Fe layer is increased.
The evolution of the magnetization angle with increasing number of Fe monolayers was
determined from the equilibrium condition where the free energy density is minimal. The mea-
sured anisotropy constants were used to simulate the free energy density. Figure 6.4 shows how
the in-plane spin reorientation transition takes place. The easy axis is along the [110]-direction
φ
φ
Figure 6.4.: In-plane reorientation of the easy axis of the magnetization as a function of the Fe thickness.
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Figure 6.5.: Resonance frequency as a function of the resonance field for a 5, 16, and 30 ML Fe film
on {4×2}InAs(001). The measurements were performed at RT with an external magnetic field applied
along the [110]-direction.
and rotates by 45◦ towards the [110]-direction for a film thickness above 7 ML. The fact that
the rotation of the easy axis is faster than the one of Fe/GaAs is related to the more strongly
changing ratio of K4 and K2‖.
6.4. FMR dispersion relation
The resonance frequency versus resonance field (dispersion relation) is shown in Fig. 6.5 for
the magnetic field applied along the [110]-direction. The curves show the numerically calcu-
lated dispersion relation based on Eq. (2.23) for a 5, 16, and 30 ML sample, respectively. The
calculated dispersion relation predicts an unsaturated branch as was observed experimentally.
At 9.3 GHz the low field (unsaturated) resonance of the 5 and 16 ML sample cannot be excited
due to the smaller cubic anisotropy. The point at f=24 GHz is for a 3 nm Au capped film, which
has been measured ex situ.
6.4.1. The surface-interface & volume magnetic anisotropy
The surface-interface anisotropy contributions to the different anisotropy constants were de-
termined by plotting the anisotropy terms versus the reciprocal film thickness (Fig. 6.6). The
volume and surface-interface anisotropy constants resulting from this analysis and the ones of
a capped film [109] are shown in Tab. 6.2.
We start the discussion with the contributions to the uniaxial out-of-plane anisotropy K2⊥.
The volume contribution Kv2⊥ = (3.1±0.7)×105 J/m3 (22±5 μeV/atom) is positive, favoring an
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Figure 6.6.: Reciprocal thickness dependence of the anisotropy constants of Fe/{4×2}InAs(001). The
perpendicular magnetic anisotropy is shown in the upper, panel whereas in the lower panel the in-plane
anisotropy constants are plotted.
alignment of the magnetization out of the film plane (unlike to the one of Fe/GaAs). Although
our value is larger and has an opposite sign in comparison to the value of Au-capped films mea-
sured by p-MOKE [109], it has the same sign as the value measured by FMR [156] for a thick
film. Note that in [109] a different sign convention was used yielding an in-plane orientation for
positive Kv2⊥. This was considered and the anisotropy contributions measured by McPhail are
converted to our coordinate system (see Tab. 6.2).
The surface-interface term Ks,eﬀ2⊥ =(0.92±0.12)×10−3 J/m2 (474±62 μeV/atom) includes both
Fe-vacuum and Fe-InAs interface anisotropies. This contribution favors an easy axis out-of-
plane, similar to the one of the Fe/GaAs system but it is also slightly smaller than the K s,eﬀ2⊥ of
Fe/GaAs, and is smaller than the value reported by McPhail et al. [109] for Au-capped films.
It should be noted that the surface anisotropy strongly depends on the surface morphology (see
Sec. 4.10) and intermixing of the film and the cap layer. Therefore, the difference between
our values and the ones of the other studies might result from changes at the interfaces of the
substrate and capping layers.
Both surface-interface and volume contributions favor an out-of-plane magnetization di-
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Kv2⊥ K
v
4 K
v
2‖ K
s,eﬀ
2⊥ K
s,eﬀ
4 K
s,eﬀ
2‖
(105J/m3) (105J/m3) (105J/m3) (10−3J/m2) (10−5J/m2) (10−5J/m2)
This work 3.1±0.7 0.68±0.03 0.12±0.05 0.92±0.12 -4.6±0.5 0.08±0.05
[109]∗ -2.2 ±1.3 0.65±0.03 0.025±0.01 1.4±0.1 -7.9±0.6 —
Table 6.2.: Surface-interface and volume contribution to the magnetic anisotropy of uncapped Fe/{4×2}
InAs(001) (upper part), and of Au capped Fe/InAs measured by BLS [109] (lower part).
∗ Note that in [109] a different definition of the free energy was used, which yields opposite signs. The
values have been adopted to the anisotropy model of this work.
rection but they are dominated by the larger shape anisotropy yielding a negative μ0Meﬀ and
consequently an in-plane alignment of the magnetization, which one can see from the polar
angular dependence of the resonance field (Fig. 6.3 (a)).
The thickness dependence of the cubic anisotropy constant (Fig. 6.6 (b)) yields a negative
surface-interface contribution Ks,eﬀ4 = (-4.6±0.5)×10−5 J/m2=-23.7±2.6 μeV/atom and a pos-
itive volume contribution K v4 = (0.68±0.03)×105 J/m3 = 5±0.2 μeV/atom, slightly larger than
for Fe-bulk (K4,bulk = 0.48×105 J/m3=3.5 μeV/atom). The slight enhancement of Kv4 indicates
the existence of a biaxial strain due to biaxial compression caused by the lattice mismatch. We
will come back to this issue in Sec. 6.5.2.
The nearly thickness independent in-plane anisotropy K2‖ (unlike to the one of
Fe/GaAs) indicates that this term is mainly a volume term. According to the linear
1/d fit in Fig. 6.6 (b) one gets Kv2‖ =(0.12±0.05)×105J/m3=1.5±0.37 μeV/atom and
Ks, eff2‖ =(0.08±0.05)×105J/m3=0.4±0.26 μeV/atom. K s, eff2‖ is negligible and in good agreement
with the previous studies of capped Fe/InAs films. Our K v2‖ is larger than the value reported by
McPhail [109] but it is in excellent agreement with the value measured by Tolin´ski et al. [156].
This is attributed to the difference of the sample preparations [156].
6.5. Origin of the anisotropy contributions
The FMR measurements revealed that the magnetic anisotropy of the Fe/InAs films is governed
by both surface-interface and volume contributions (unlike to the case of Fe/GaAs for which
the surface-interface contributions dominate). In the following we discuss the possible sources
of the various anisotropy contributions based on our experimental results.
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6.5.1. The perpendicular uniaxial anisotropy
The volume contribution
As discussed in Sec. 4.7 strain can result in a perpendicular anisotropy with uniaxial character.
Either lattice mismatch or the atomic structure of the reconstructed surface or both can be the
origin of this strain contribution. The RHEED experiment by Xu et al. [154] shows that the Fe
films on InAs are under a large in-plane strain up to a thickness of 5 ML. This observation is
attributed to the pseudomorphic growth at the initial stage. Afterwards the films start to relax
towards the bulk Fe lattice at a thickness of about 25 ML. The magneto-elastic anisotropy due to
the strain can be written as: KMEL2⊥ = B1(−33). By assuming a cubic environment of the Fe film
the perpendicular strain component 33 is related to the in-plane one  by: 33 = −2c12c11  ∼ −2
[52,53].
Using this ansatz with  = 5.4%, one can see that B1 has to be positive as in the case
of Fe/GaAs. With B1 = 3.5 × 106 J/m3 for the Fe/GaAs system [101] the magneto-elastic
anisotropy can be calculated accordingly, KMEL2⊥ = 3.8× 105 J/m3, in good agreement with the
measured one. However, a direct measurement of the elastic constants of Fe/InAs is needed to
verify this hypothesis.
The surface-interface contribution
Similar to the volume contribution, K s, eff2⊥ favors an out-of-plane magnetization direction. Al-
though K s, eff2⊥ is smaller than the one of Fe/GaAs, all descriptions of the origins of this contri-
bution remain valid. The main origin is the symmetry breaking at the surface and interface and
the role of valence 3d and 4s/p electron states confined to the surface, which are exposed to a
reduced lattice symmetry that strongly enhances the contribution of the spin-orbit interaction
to the surface valence band energies (see Heinrich and Cochran [114] for more details). The
fact that this term is smaller than the one of Fe/GaAs is likely related to the different surface
morphology of the film and In on top of the Fe layer.
6.5.2. The cubic anisotropy
The volume contribution
As described before Kv4 is larger than the bulk Fe value. The enhanced value may result from
the biaxial strain contribution in the films. RHEED experiments [95] showed that the thickness,
which is needed for the complete relaxation, is about 25 ML. This strain includes both uni-
axial as well as biaxial terms. The biaxial strain results in a magneto-elastic anisotropy, which
enhances the cubic anisotropy. The biaxial magneto-elastic anisotropy can be calculated by con-
sidering the higher order Taylor expansion in Eq. (2.5). A quantitative explanation of this term
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needs, however, detailed information of the higher order contribution of the magneto-elastic
coupling constants (B3), which according to our knowledge has not been measured, neither for
Fe/GaAs nor for Fe/InAs. It should be noticed that this term for the case of Fe/GaAs is very
small and almost negligible.
The surface-interface contribution
The cubic surface-interface contribution Ks,eﬀ4 has sign opposite to the volume contribution
(similar to the one of Fe/GaAs). The negative sign means that the favored easy axes are the〈
110
〉
-directions. Since the strain has no surface-interface contribution to the magneto-elastic
anisotropy with biaxial character [52,53], the strain induced anisotropy can be ruled out. Since
this contribution is smaller for the uncapped sample, a possible explanation is that it originates
mainly from the Fe surface.
6.5.3. The in-plane uniaxial anisotropy
The volume contribution
As mentioned before, the Fe films are under in-plane strain. RHEED measurements showed
that the lattice relaxation is anisotropic meaning that the Fe lattice relaxation along the [110]-
direction is significantly faster than that along the [110]-direction [154]. This observation
is supposed to be related to the atomic scale of the reconstructed InAs surface. Using Eq.
(2.5) and the fact that the in-plane strain parallel to the [110]-direction is given by 12 and
parallel to the [110]-direction by 21, leads to a contribution F [110]MEL = 2B2α1α212=B212.
Using the same notation as in Sec. 4.7.3 the magneto-elastic anisotropy along the [110] is
given by F [110]MEL = −B221. Therefore, the magneto-elastic anisotropy can be calculated as
KMEL2‖ = F
[110]
MEL − F [11¯0]MEL = B2(12 + 21).
According to the RHEED data measured by Xu et al. [154] the film is nearly relaxed along
the [110]-direction (21 ∼ 0) but in the [110]-direction it has a small deviation from the bulk
Fe of about 12 =0.5%. Using the magneto-elastic coupling constant of the Fe bulk B2 =
7.2 × 106 J/m3 [102] (which is the same as Fe/GaAs [52,53]), one gets KMEL2‖ = 0.36 ×
105 J/m3, which is roughly 3 times larger than our measured value using in situ FMR. This
means that strain plays a crucial role for the in-plane uniaxial anisotropy. However, the fact
that the experimental value is smaller than the estimated one due to strain indicates that the
magneto-elastic coupling constant of Fe/InAs might be smaller than the one of bulk Fe. Another
possible explanation is that other sources may contribute to the uniaxial anisotropy as well, but
negatively. Although the interface reaction was found to be negligible in comparison to the
Fe/GaAs [150–152] and Fe/InP [157], the hybridization of the Fe atoms at the interface might
also play a role.
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6.6. The onset of room temperature ferromagnetic
order
In order to obtain an insight into the onset of long range ferromagnetic order Fe was grown
in thicknesses of 1 to 5 ML. FMR experiments were performed as a function of the nominal
number of Fe layers at RT and a microwave frequency of 9.3 GHz. The external magnetic field
was applied along the [110 ]-direction (easy axis). The results are shown in Fig. 6.7, where (a)
the thickness dependence of the FMR resonance field Bres and (b) the FMR linewidth ΔBpp are
shown. A ferromagnetic signal was observed from a film thickness of 2.7 ML onwards with the
lowest resonance field and largest FMR linewidth. The small value of Bres is due to the fact that
for this thickness K4 ∼ 0. Consequently, the ferromagnetic resonance along [110]-direction
occurs at lower fields. The large ΔBpp can be attributed to the large size distribution of the
3D-like clusters. The Fe clusters coalescence and form a continuous film at about around 5 ML
as found by RHEED [154] and STM studies [149].
Figure 6.7.: (a) FMR resonance field and (b) linewidth as a function of monolayer equivalents, recorded
at RT and an external magnetic field applied along the [110]-direction.
6.7. Summary
Fe monolayers were grown on {4×2}InAs(001) by MBE. The epitaxial relationship was ob-
served to be [100]Fe ‖ [100]InAs. Indium floats on top of the Fe layers as observed by AES.
The magnetocrystalline anisotropy was determined by in situ FMR and compared to the one of
Fe/GaAs. The origin of different anisotropy contributions were discussed. The volume contri-
bution to the in-plane as well as the out-of-plane uniaxial anisotropy is proposed to be the effect
of the in-plane strain. The enhanced cubic term is attributed to biaxial strain in the volume of
the film. The cubic surface-interface term mainly originates from the Fe surface and might be
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related to the reduced symmetry of the upper Fe atomic layer.
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In this chapter the results of the in situ FMR experiments of Fe monolayers grown on a 5
ML buffer layer of gold on InAs(001) are presented. The role of the gold layer is supposed
to decrease the mismatch of the band structure between Fe and InAs, and modify the inter-
face stability and the interface magnetic properties. Although our magnetic characterization
shows that the perpendicular uniaxial anisotropy is not affected, the in-plane uniaxial and cubic
anisotropy are suppressed by 100% and 80%, respectively. Furthermore, the onset of ferromag-
netic long-range order at room temperature is shifted to larger thicknesses, which is attributed
to a disordered structure or to the diffusion of Au on top of the Fe layers.
7.1. Introduction
As discussed in chapter 6, the interface of Fe/InAs is an ideal Ohmic contact. A Schottky bar-
rier, however, is needed for ‘spintronic’ applications [23]. One possible way to form a Schottky
contact between Fe and InAs is to use gold. The barrier height at the clean Au/InAs interface
was found by Ohler et al. to be 10±5 meV [24]. Moreover, a extraordinarily huge magne-
toresistance effect was observed in a hybrid device consisting of an Au film on an InAs-based
two-dimensional electron system [25]. A technological relevant device might be realized by
growing an atomically ordered Au layer between Fe and InAs. Another advantage of this struc-
ture is that the thickness of the Au buffer layer can be chosen to be thin enough in order to
prevent the presence of possible electrical shunts.
In this chapter the growth and the magnetic anisotropy of Fe monolayers in Fe/Au/InAs and
Au/Fe/Au/InAs structures are presented, and all structural and magnetic characterizations are
performed in situ under UHV conditions. The thickness of the Au layer is kept constant (5 ML)
and the thickness of the Fe layers is varied.
7.2. Sample preparation
In the following section the sample preparation of Fe/Au/{4×2}InAs(001) and Au/Fe/Au/{4×
2}InAs(001) is shortly reviewed. The InAs substrate preparation for this structure follows the
same procedure, which has been reported in Sec.6.2.1.
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7.2.1. Growth of Fe/Au bilayers and Au/Fe/Au sandwiches on
InAs(001)
5 ML Au films were grown at RT with a deposition rate of 0.8 ML/min. The evaporation pres-
sure was about 5×10−9 mbar while Au was evaporated from a PBN-crucible. LEED and AES
experiments were carried out immediately after the growth. The substrate’s LEED pattern disap-
pears after deposition of the Au layer. 1–25 ML Fe layers were grown directly after deposition
of the Au at RT. The deposition rate was about 1 ML/min. No LEED pattern was observed from
the Fe layers. The AES analysis (Fig. 7.1) shows that although the peak-to-peak ratio of the In
MNN transition to the Fe LMM transition is decreased in comparison to the Fe/InAs system
(see Fig. 6.2), the peak-to-peak ratio of the Au NVV transition with respect to the Fe LMM
transition indicates an intermixing and diffusion of Au to the surface of the Fe layer. Similar
surface alloying, and surface segregation of Au is well-known in Fe/Au(100) [158–160] and
Au/Fe(100) [161]. After performing the magnetic characterization, the Fe layer was covered by
a 5 ML thick Au layer at RT under the same conditions and characterized by LEED and AES.
Figure 7.1.: The ratio of AES peak-to-peak amplitudes of the Au NVV line at 69 eV to the Fe LMM line
at 651 eV (open diamonds), along with the ratio of the AES peak-to-peak amplitudes of the In MNN at
400 eV line over Fe LMM line at 651 eV (open squares) and Au NVV line (closed circles), for Fe films
grown on 5 ML Au on InAs at RT. The solid curves are guides to the eyes.
7.3. Magnetic anisotropy of Fe/Au/InAs(001) bilayers
The magnetocrystalline anisotropy constants of Fe/Au/InAs measured by in situ FMR are listed
in Tab. 6.1. As compared to Fe/InAs (Tab. 6.1), all in-plane anisotropy constants are drastically
decreased by the presence of the Au buffer layer whereas the perpendicular magnetic anisotropy
is mostly not affected.
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Thickness μ0Meﬀ
2
K2⊥
K2‖
M
K2‖
(ML) (mT) (105J/m3) (mT) (103J/m3)
25 -774 4.9 1.1 1.9
20 -740 5.6 1.2 2.0
15 -686 6.5 1.1 1.9
12 -600 8.0 1.1 1.8
10 -530 9.3 0.5 0.8
7 -356 12.1 0.5 1.2
Table 7.1.: The measured magnetocrystalline anisotropy constants and the corresponding anisotropy
fields of Fe/5Au/{4×2}InAs. All samples were measured in situ at RT. The bulk magnetization
(M=1.7×106A/m) was used to extract the magnetocrystalline anisotropy constants.
The latter is due to the fact that K2⊥, mainly originates from the Fe-vacuum interface. Its small
decrease with respect to the Fe/InAs value is due to the change of the volume contribution.
In Fig. 7.2 (a) the reciprocal thickness dependence of K2⊥ is plotted. Although the surface-
interface contribution (K s, eff2⊥ = (1± 0.13)× 10−3J/m2) is not affected, the volume contribution
is reduced by almost 40% which might be attributed to the change of the strain in the film
(Kv2⊥ = (1.8± 0.7)× 105J/m3).
Our FMR experiments demonstrate that the cubic anisotropy K4, is suppressed completely
by the Au layer. This is likely due to the fact that the Au layer is more polycrystalline than
monocrystalline because of the large lattice mismatch between Au and InAs. On top of the Au
layer the Fe layer likely grows polycrystalline and therefore a random orientation of the easy
axes in the film plane is the reason for the suppression of K4. Furthermore, the alloying and
out-diffusion of Au on Fe certainly play a role.
The small in-plane uniaxial anisotropy K2‖, indicates a preferential easy axis along the
[110]-direction. Although the films are polycrystalline, there is a preferential direction of crys-
tallinities along which the Au layer and consequently the Fe layer are under tensile strain. This
yields to an uniaxial anisotropy term.
The onset of the room temperature ferromagnetic order
A ferromagnetic signal was detected at RT from Fe thickness of 7 ML onwards. This delay in the
long range ferromagnetic order is likely due to alloying and intermixing (out-diffusion) of Au
into the Fe layer as evidenced by our AES analysis (see Fig. 7.1). A similar delay in long range
ferromagnetic order (9.8 ML) has been reported by Zhang et al. for Fe/3.5 ML Au/GaAs [162].
Although the authors explain their observation by formation of a superparamagnetic phase of Fe
clusters on this structure, the alloy formation and intermixing (out-diffusions) cannot be ruled
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Figure 7.2.: Reciprocal thickness dependence of (a) K2⊥ and (b) K2‖ of Fe/Au/{4×2}InAs(001). The
solid line is the linear fit to the experimental data and the dashed line is a guide to the eyes.
out.
7.3.1. Au/Fe/Au/InAs(001) sandwiches
In order to investigate the Au/Fe interface in more detail, an additional 5 ML of Au were de-
posited on top of 7Fe/5Au/{4×2}InAs and 20Fe/5Au/{4×2}InAs samples (the integers repre-
sent the number of atomic layers, ML). The magnetic anisotropy fields measured in situ at RT
of 5Au/7Fe/5Au/{4×2}InAs and 5Au/20Fe/5Au/{4×2}InAs sandwiches are listed in Tab. 7.2.
The anisotropy fields of 5Au/20Fe/5Au/{4×2}InAs are not significantly changed because
the thickness of the Fe layer is large enough, so that an additional Au layer has no significant
effect. The possible explanations for the reducing of the out-of-plane anisotropy field μ0Meﬀ ,
and enhancement of in-plane uniaxial anisotropy field in the 5Au/7Fe/5Au/{4×2}InAs structure
are: (i) the formation of an Au-rich alloy which reduces the magnetization and consequently
μ0Meﬀ or (ii) enhancement of K2⊥ and K2‖. However, finding a morphological characterization
by STM is proposed for verifying this hypothesis.
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Thickness μ0Meﬀ
2
K2‖
M
(ML) (mT) (mT)
20 -750 1.1
7 -88 1.1
Table 7.2.: The measured magnetic anisotropy fields of 5Au/20Fe/5Au/{4×2}InAs and 5Au/7Fe/5Au/
{4×2}InAs. The first column represents the thickness of the Fe layer in the sandwich structure. All
samples were measured in situ at RT.
7.4. Summary
The magnetocrystalline anisotropy of Fe/Au/{4×2}InAs(001) bilayers and Au/Fe/Au/
{4×2}InAs(001) sandwiches were presented. The in-plane cubic and uniaxial anisotropy terms
are suppressed by 100% and 80%, respectively. Furthermore, the initial thickness of onset of the
RT ferromagnetic long range order increases from 2.8 to 7 ML. All observations are attributed
to a disordered structure, alloying, intermixing, and out-diffusion of Au into the Fe layers.
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8. Fe monolayers on InP(001)
In this chapter the results of the in situ FMR experiments of 1–21 ML Fe grown on {2 × 4}
reconstructed InP(001) are presented. For all thicknesses the magnetization is found to favor
an in-plane alignment. The easy axis of magnetization is parallel to the [110]-direction for film
thicknesses below 7 ML, and rotates by 45◦ towards the [100]-direction for thicker Fe layers. The
magnetic anisotropy energy of the system has been quantitatively determined as a function of
film thickness. The perpendicular magnetic anisotropy is strongly thickness dependent revealing
the presence of a large surface-interface term, which is comparable to the values of Fe grown
on GaAs. The cubic anisotropy, however, is relatively small compared to the cubic anisotropy
of bulk Fe over the whole thickness regime and almost thickness independent. In contrary to the
cubic anisotropy the in-plane uniaxial anisotropy is strongly thickness dependent and originates
from the Fe/InP interface. A part of the perpendicular magnetic anisotropy and the uniaxial
interface anisotropy is related to the strain resulting from the mismatch between the film and the
substrate. Our quantitative magnetic measurements indicate well ordered magnetic structures.
8.1. Introduction
Besides Fe/GaAs there exist other promising systems for spin injection such as Fe/InP. The
growth and structural investigation of Fe on InP has been restricted to a few works [157,163–
165]. Zavaliche et al. [165] is the only one who reported magnetic measurements of Fe films
on InP(001) using in situ MOKE. InP has a band gap of Vg = 1.34 eV very close to the one
of GaAs Vg = 1.43 eV, which can be used for relevant magneto-electronic applications. The
lattice mismatch is positive with a value of  = (aInP − 2aFe)/2aFe = +2.2% in contrary to
GaAs ( = aGaAs − 2aFe)/2aFe = −1.6%). This yields a tensile strain in the film plane and
consequently changes the magnetic properties at the interface.
In this chapter the epitaxial growth and the magnetic anisotropy of Fe monolayers grown
on {2×4}InP(001) will be discussed. The thickness dependence of the different anisotropy
contributions as well as the magnetization will be quantified. It will be demonstrated how the
strain at the interface plays a role for the interface magnetic anisotropy.
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8.2. Sample preparation
A 5×10 mm2 piece cut from commercially available n-type InP(001) wafers was used as sub-
strate. It was cleaned by acetone and isopropanol in an ultrasonic bath for approximately 5
minutes until an optical microscope revealed a clean surface. The substrate was sputtered after
transfer into the UHV chamber with Ar+ ions at an Ar+ pressure of 1× 10−7 mbar and an ion
energy of 0.5 keV until no contaminations of carbon and oxygen were detectable by AES. The
substrate temperature was increased to 580-600 K while the substrate was sputtered as men-
tioned above for about 30 minutes. After this procedure AES reveals a clean InP surface. Figure
8.1(a) shows an Auger spectrum of a clean InP substrate indicating a P-rich surface. This treat-
ment results in a well ordered {2×4} reconstruction of the InP(001) surface. A typical LEED
pattern of {2×4}InP(001) is shown in Fig. 8.1(b). Such an observation has also been reported
by Zavaliche et al. [165].
The LEED patterns were always obtained with sharp 1
4
-order spots but streaky 1
2
-order
spots. Streaky 1
2
-order spots in a {2 × 4} LEED pattern have been attributed to the random
combination of {2×4} and c{2×8} domains [155]. In Fig. 8.1(c) and (d) the models proposed
by Sung et al. [166] and Mitchell [155] are shown. The Sung model (Fig. 8.1(c)) predicts an
In-terminated surface with a coverage of 0.75 ML. The P-adatom trimer model proposed by
Mitchell (Fig. 8.1(d)), in which the trimers are due to threefold coordinated P-adatoms, is based
on both STM and photoemission studies. This model predicts a P-terminated surface with a
coverage of 0.5 ML (for more details see [155]). A detailed STM study together with calcula-
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Figure 8.1.: (a) Auger spectrum of a clean InP substrate showing a P-rich surface. (b) LEED pattern of
a {2 × 4} reconstructed InP surface recorded at E=67 eV. Structural models of a {2 × 4} reconstructed
InP surface: (c) the missing row trimer-dimer model of Sung et al. [166]. (d) A P-adatom trimer model
proposed by Mitchell [155]. Smaller circles depict atoms in lower layers. The shaded area is the surface
unit cell.
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tions of the electronic density of states would be required in order to distinguish between these
models.
The Fe films were deposited at RT with a deposition rate of about 1 ML/min monitored by
a quartz microbalance. The pressure during Fe deposition did not exceed 7×10−10 mbar. The
chemical composition and the structure of the films were revealed immediately after growth by
AES and LEED, respectively. In Fig. 8.2(a) an Auger spectrum of a 20 ML Fe film grown on
{2×4}InP(001) is shown. At this level of Fe coverage the In peak of the underlying substrate
is still visible. No LEED pattern has been observed from the Fe layers. The LEED pattern dis-
appears after deposition of approximately 1 ML and doesn’t reappear for thicker Fe layers. The
peak-to-peak intensity of the P LMM and In KLL transitions is shown in Fig. 8.2(b) indicating
that the intensity of both P and In peaks decreases as the film thickness increases. The P peak
disappears after deposition of 10 ML Fe but the one of In does not vanish even after deposition
of 45 ML of Fe, indicating that In floats on top of the Fe layers. Probably, this is the reason
why no LEED pattern from the Fe films could be observed. Such a behavior was also reported
by Zavaliche et al. [165]. The Auger data analysis show that the ratio of the of the P peak with
respect to the In peak decreases after the deposition of the first Fe film (5 ML). It remains nearly
constant for 5, 8, 9, and 10 ML films and vanishes for thicker Fe layers. The ratio of the In peak
with respect to the Fe peak remains constant for films with a thickness of above 30 ML (see
Fig. 8.2). We conclude that P reacts with Fe to form FexP1−x compounds and In floats on top of
the Fe layers.
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Figure 8.2.: (a) Auger spectrum of a 20 ML Fe grown on {2×4}InP(001) at RT. (b) Peak-to-peak inten-
sity ratios of the PLMM/FeLMM and InKLL/FeLMM transitions normalized by the transition. The solid lines
are guide to the eyes.
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8.3. Magnetic anisotropy
FMR spectra were recorded for the polar angle range of -90◦ ≤θ≤90◦, i.e. within the
(110)-plane at microwave frequencies of 9.3 and 4 GHz. The in-plane angular dependence
measurements were performed within 42◦ ≤φ≤48◦ (±3◦ around the [110]-direction ) and
222◦ ≤φ≤228◦ (±3◦ around the [110]-direction) with respect to the [100]-direction at a fre-
quency of 4 GHz. The anisotropy values were determined as described in chapter 2. The polar
and azimuthal angular dependence of the resonance field of a 15 ML sample is shown in Fig.
8.3 as an example. In our analysis the g factor g = 2.09 was assumed to be isotropic. The ab-
solute value of the saturation magnetization M was determined by performing in situ SQUID
magnetometry on the same samples.
The FMR data indicate that the magnetization favors an in-plane alignment in the whole
thickness range as can be seen from Fig 8.3(a). The easy axis of magnetization is along the
[110]-crystallographic direction of the InP(001) substrate for d <7 ML and rotates by 45◦
towards the [100]-direction for thicker Fe layers.
The in situ SQUID data show a reduced value for the absolute value of the film magnetization
compared to the Fe bulk (by 15% for a 5 ML sample and 9% for a 21 ML one). This is likely due
to the formation of Fe-compounds with a lower magnetization value. The measured anisotropy
terms and the magnetization of the samples are listed in Tab. 8.1.
The out-of-plane anisotropy field is found to be negative meaning that the magnetization
favors an in-plane alignment for all films. After subtracting the shape anisotropy contribution,
the perpendicular uniaxial anisotropy is found to be strongly thickness dependent (column 2
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Figure 8.3.: Typical (a) polar and (b) azimuthal angular dependence of the FMR resonance field of 15
ML Fe on {2×4}InP(001) at RT and microwave frequencies of 4 and 9.3 GHz. The inset of (b) shows
the coordinate system used in our FMR data analysis.
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Thickness K2⊥ K4 K2‖ M
(ML) (105J/m3) (104J/m3) (104J/m3) (106A/m)
5 11.5 0.9 1.10 1.45
8 11.5 0.9 0.75 1.48
10 10.5 0.95 0.60 1.5
12 8.8 1 0.50 1.55
15 8 1 0.35 1.5
18 7 1 0.29 1.55
20 6 1.05 0.25 1.5
21 5.5 1.1 0.24 1.6
Table 8.1.: Room temperature magnetic anisotropy constants of Fe on {2×4}InP(001) for different film
thicknesses determined by in situ FMR. The error bar in magnetic anisotropy constants and magnetization
is about 5%.
Tab. 8.1). This is a rather large surface-interface value close to the one, which we found in
chapter 4 for Fe films on {4×6}GaAs(001).
The cubic anisotropy K4 is positive favoring an easy axis along the 〈100〉-directions. It is
relatively small compared to the Fe cubic anisotropy and nearly constant for all Fe thicknesses.
The in-plane uniaxial anisotropy K2‖ is found to favor an easy axis along the [110]-
direction and is strongly thickness dependent. This indicates that the in-plane uniaxial
anisotropy originates mainly from the interface of the film and the substrate and is influenced
by a tensile strain along the [110]- and [110]-direction. Moreover, it might result from a change
of the electronic structure of the Fe atoms confined to the interface. We will come back to this
point in Sec. 8.5.
The interplay between K4 and K2‖ explains the observed spin reorientation transition from
the [110]-direction for thinner Fe layer towards the 〈100〉-directions for thicker ones. The equi-
librium angle of magnetization (Fig. 8.4) with respect to the [100]-direction as a function of
film thickness was calculated using the values of Tab. 8.1 based on the minimization of the
free energy in the steady state condition when no external magnetic field is applied. Figure 8.4
shows the evolution of the easy axis of the magnetization with increase of the nominal number
of Fe layers. Figure 8.4 clearly shows that the easy axis of magnetization rotates gradually from
the [110]-direction for a 5 ML Fe layer towards the [100]-direction for thicker layers. The in-
plane spin reorientation transition in Fe/InP is extends over a larger thickness range than in the
case of Fe/InAs (see Fig. 6.4). This is due to the difference in the thickness dependence of the
anisotropy fields in these two structures.
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φ
φ
Figure 8.4.: Evolution of the in-plane equilibrium angle of magnetization with increasing number of Fe
layers.
8.4. FMR dispersion relation
Figure 8.5 shows the resonance frequency versus resonance field for the magnetic field applied
along the [110]-direction. The solid and dashed-dotted curves show the numerically calculated
dispersion relation based on Eq. (2.23) for a 5 and a 21 ML sample, respectively. The calculated
dispersion relation predicts an unsaturated branch for 5 ML below 3 GHz. At 9.3 GHz the low
field (unsaturated) resonance of the 21 ML film cannot be excited due to the smaller in-plane
uniaxial anisotropy. The point at f=24 GHz is for a 3 nm Au capped film, which has been
measured ex situ.
Figure 8.5.: Resonance frequency as a function of resonance field (dispersion relation) of a 5 and a 21
ML Fe film on {2×4}InP(001). The measurements were performed at RT with an external magnetic field
applied along the [110]-direction.
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||
⊥
Figure 8.6.: (a) The perpendicular K2⊥ and (b) cubic K4 and uniaxial in-plane K2‖ magnetic anisotropy
constants of Fe/{2×4}InP(001) as a function of the reciprocal film thickness. The dashed and solid lines
represent linear fits whereas the dotted line denotes a parabolic fit according to K2⊥ = Kv2⊥ + (K
s,α
2⊥ +
Ks,β2⊥ /d)/d. The inset of (a) shows the thickness dependence of the magnetization measured by in situ
SQUID.
8.5. The surface-interface & volume contributions to
the magnetic anisotropy
According to the reciprocal thickness dependence of the anisotropy constants one would be able
to separate the surface-interface as well as the volume contributions to the overall anisotropy
constants [58]. In Fig. 8.6 the anisotropy constants are plotted as a function of the reciprocal Fe
thickness and the separated volume and surface-interface contributions are listed in Tab. 8.2.
The perpendicular magnetic anisotropy K2⊥ shows a deviation from the d−1-dependence
(see Fig. 8.6). However, if we assume that the surface anisotropy is proportional to d−1, the
data for Fe thicknesses above 8 ML can be fitted with a large surface-interface contribution
Ks, eff2⊥ = (1.1 ± 0.1) × 10−3 J/m2 close to the value, which has been determined for Fe films
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Kv2⊥ K
v
4 K
v
2‖ K
s,eff
2⊥ K
s,eff
4 K
s,eff
2‖
System (105 J
m3
) (104 J
m3
) (104 J
m3
) (10−3 J
m2
) (10−5 J
m2
) (10−5 J
m2
)
Fe/InP(001) 2.4± 0.1† 1± 0.2 0 1.1± 0.1† −0.1± 0.2 0.9± 0.1
Fe/GaAs(001) [62] -1.7 6.6 0 1.17 -6.1 -8.9
Table 8.2.: Surface-interface and volume contribution to the magnetic anisotropy constant of Fe films
grown on {2×4}InP(001).
† By assuming a reciprocal thickness dependence for the Fe layers with a thickness of above 8 ML.
grown on {4×6}GaAs(001) (K s, eff2⊥ = (1.17± 0.1)× 10−3 J/m2 [62]). Its volume term (Kv2⊥ =
(2.4 ± 0.1) × 105 J/m3 ) is relatively small in comparison to the surface-interface term. It has
been shown by Sander [53] that the in-plane strain results in a perpendicular uniaxial anisotropy.
The value of the strain induced anisotropy is given by KMEL2⊥ = B1( − 33), where 33 is the
out-of-plane strain component and is related to the in-plane one , 33  −2 [52,53]. In this
case 33 is negative meaning that in contrary to bulk Fe, the first order magneto-elastic coupling
constant B1 should be positive, which indeed reported for Fe/GaAs [101,102]. Moreover, the
thickness dependence of K2⊥ can be expressed as K2⊥ = Kv2⊥ + (K
s,α
2⊥ + K
s,β
2⊥ /d)/d. Here
it is assumed that the strain is not linear in d−1. This approach results in a value of Ks,α2⊥ =
(2± 0.5)× 10−3J/m2, Ks,β2⊥ = (−9± 0.5)× 10−3J/m, and a thickness independent term being
nearly zero (Kv2⊥ ≈ 0). This interpretation means that the interface anisotropy changes as the
nominal number of Fe layers increases. This arises from the fact the interface stress changes
as the surface reconstruction changes to a new interface consisting of Fe, In, and P and their
compounds with different stoichiometry.
From the linear fit in Fig. 8.6(b) the volume contribution to the cubic anisotropy is found to
be Kv4 =(1±0.2)×104 J/m3. The positive sign indicates that the 〈100〉 directions are the favored
easy axes, which are the bulk easy axes of Fe. The value of Kv4 is more than 4 times smaller
than the bulk Fe cubic anisotropy (K bulk4 = 4.8 × 104 J/m3). This is likely due to intermixing
of the substrate material and formation of phosphide compounds (FexP1−x), as it is well known
that the magnetic anisotropy and Curie temperature of Fe phosphide compounds are smaller
than the ones of bulk Fe [167,168]. This is in good agreement with the fact that Fe/InP is the
most reactive interface compared to the other semiconducting substrates [157]. Another reason
could be the poor crystallinity of the samples as revealed by the vanishing LEED pattern, We
note, however, that the surface segregation of In on Fe layer might hinder the observation of the
LEED pattern, so that no clear conclusion about the crystallinity of the Fe films can be drawn.
The surface-interface contribution to the cubic anisotropy K s, eff4 has been found to be
approximately zero in contrary to the value which is reported in chapter 4 for Fe films grown
on {4×6}GaAs (K s, eff4 = −6.1× 10−5 J/m2) [62].
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While the surface-interface contribution to the in-plane uniaxial anisotropy is relatively
large (Ks, eff2‖ = 0.9 × 10−5 J/m2), the volume contribution is almost negligible. It was demon-
strated that the uniaxial strain in the film plane results in an anisotropy term of uniaxial char-
acter [52,53]. By assuming a coherent strain in [110] and [110] directions the uniaxial in-plane
magneto-elastic anisotropy can be written as KMEL2‖ = 2B212. For a further evaluation one
needs the second order magneto-elastic coupling constant B2, which according to our knowl-
edge has not been measured for Fe films on InP. The lattice mismatch in Fe/InP is positive in
contrary to the one of Fe/GaAs. Since the measured K2‖ for Fe/InP is positive we conclude that
the second order magneto-elastic coupling constant B2 should be positive (as it is known for
Fe/GaAs B2 = 7.2 × 106 J/m3 [101,102] and bulk Fe B2 = 7.8 × 106 J/m3 [53]). However,
direct evidence of this assumption is lacking.
8.6. The onset of ferromagnetic order
In order to study the onset of long range ferromagnetic order sub-monolayers of Fe were grown
from 1 up to 5 ML and FMR and SQUID experiments were performed as a function of nominal
Figure 8.7.: Evolution of the FMR resonance field ((a) and (c)) and linewidth ((b) and (d)) with the
nominal number of Fe layers recorded at RT (upper panels) and at 50 K (lower panels) with an external
magnetic field applied along the [110]-direction.
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number of Fe layers at RT and at 50 K. The FMR measurements were performed at f = 9.3
GHz in which the external magnetic field was applied along [110]-direction. A ferromagnetic
signal was detected by SQUID from 2 ML onwards at 50 K (LT) but no signal was observed by
FMR up to 4 ML.
The results of the thickness dependence of the FMR resonance field and linewidth are shown
in Fig. 8.7. The reason that no ferromagnetic signal could be observed by FMR for film thick-
nesses below 4 ML is still not clear. It can be related to the large ΔBpp which results from the
large size distribution of the 3D-like Fe clusters. The coalescence of Fe clusters and formation
of a continuous film takes place in thicker Fe layers as reported by Zavaliche et al. using STM
studies [165].
8.7. Summary
In summary the magnetic anisotropy and magnetization of 5–21 ML thick Fe films grown on
{2×4}InP were determined using in situ FMR and SQUID, respectively. It is found that the
cubic anisotropy is not thickness dependent and has a small value in comparison to the one of
bulk Fe. The surface contribution to the perpendicular uniaxial anisotropy is positive (favoring
an out-of-plane magnetization direction) and strongly thickness dependent. It is very close to
the measured value for Fe/GaAs.
The perpendicular and in-plane uniaxial anisotropy are related to strain due to the misfit be-
tween film and substrate.
The onset of ferromagnetic order at 50 K was found to be 4 ML by FMR, whereas the SQUID
measurements shows a weak ferromagnetic signal for a 2 ML sample.
Our magnetic characterization shows that in principle Fe/InP has the capability to be used
in spintronic devices or relevant magneto-electronic application because of ordered magnetic
structure which can be achieved.
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Fe/Semiconductor structures
In this chapter the results of the different systems are compared. The critical thickness of long-
range ferromagnetic order, the easy magnetization direction, the thickness where the in-plane
spin reorientation transition takes place and the measured magnetic anisotropy contributions
will be compared to each other.
In Tab. 9.1 the critical thickness for the onset of long-range ferromagnetic order at room
temperature (T =300 K) and T = 50 K, the easy magnetization direction and the critical
thickness of the spin reorientation transition (SRT) of the Fe monolayers on different substrates
and with different buffer and cap layers are summarized. A comparison of the critical thickness
for the RT long-range ferromagnetic order of Fe layers directly grown on semiconductors shows
that the RT long-range ferromagnetic order appears at approximately the same thickness for
Fe/{4×6}GaAs and Fe/{4×2}InAs, but for Fe/{2×4}InP it appears at thicker layers. This is due
to the fact that Fe/InAs interface is less chemically reactive than the other interfaces, whereas the
System dRTc (ML) d50Kc (ML) Easy axis dSRTc (ML)
Fe/GaAs 2.8(1) 2.3(2) [110] 15(2)
Ag/Fe/GaAs 3.1(1) — [110] 15(2)
Fe/Ag/GaAs — — [110] —
Fe/InAs 2.7(2) — [110] 7(1)
Fe/Au/InAs 5(1) — [110] —
Au/Fe/Au/InAs 7(1) — [110] —
Fe/InP 4(1) 3.8(9) [110] 12(4)
Table 9.1.: The critical thickness for room (T =300 K) and low (T = 50 K) temperature long-range
ferromagnetic order, the easy axis of magnetization, and the thickness of the spin reorientation transition
(SRT) of the Fe monolayers in different layered structures.
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most chemically reactive interface is the Fe/InP interface. A comparison among the cases with
buffer layers indicates that the inter-diffusion in the Fe/Au interface is significantly stronger
than the Fe/Ag interface. This means that although Au reduces the effect of band structural
mismatch, the inter-diffusion of Au to the Fe layers changes the magnetic properties.
The direction of the magnetization for thin Fe layers is given by the direction of the in-plane
uniaxial anisotropy. For thicker layer (thicker than a critical thickness, dSRTc ) the direction of
the easy axis will be parallel to the direction of the cubic anisotropy ([100]-direction). The
largest in-plane uniaxial anisotropy was found for Fe/{4×6}GaAs followed by Fe/{2×4}InP
and Fe/{4×2}InAs. The largest cubic anisotropy was found for Fe/{4×2}InAs followed by
Fe/GaAs and Fe/{2×4}InP. The overcoming of the cubic anisotropy leads to a spin reorienta-
tion transition near dSRTc ≈=7 ML for Fe/{4×2}InAs, whereas the one of Fe/{2×4}InP and
Fe/{4×6}GaAs happens at larger thicknesses (dSRTc ≈12 ML and dSRTc ≈15 ML).
Table 9.2 provides a direct comparison of the different contributions to the magnetic
anisotropy constants of the Fe-base layered structures studied in this work.
In Fe/{4×6}GaAs(001), the volume contribution to the uniaxial anisotropy and a part of
surface-interface uniaxial in-plane anisotropy result from the misfit induced stress in the film
plane. The direction of the easy axis can be understood by the compressive stress in the film
plane. A quantitative explanation of the in-plane anisotropy needs a consideration of the changes
in the electronic structure at the interface.
In Fe/{4×2}InAs(001) the volume contribution to the perpendicular uniaxial anisotropy and
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m2
) (10−5 J
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) (%)
Fe/GaAs -1.7(8) 0.6(1) 0.2(2) 1.17(10) -6.1(1) -8.9(4) -1.6
Ag/Fe/GaAs -1.7(8) 0.4(1) 0.1(2) 0.9(1) -3(1) -8.2(4) -1.6
Fe/Ag/GaAs — — 0.1(2) – — -6.5(4) —
Fe/InAs 3.1(7) 0.68(5) 0.12(5) 0.9(1) -4.6(5) 0.08(5) +5.4
Fe/Au/InAs 1.8(7) 0 0.02(1) 1.0(1) 0 0 —
Au/Fe/Au/InAs — 0 0 — 0 0 —
Fe/InP† 2.4(1) 0.1(2) 0 1.1(1) -0.1(2) 0.9(1) +2.2
Table 9.2.: The surface-interface and volume contributions to the magnetocrystalline anisotropy of the
Fe monolayers in different layered structures. The lattice mismatch in the last column is defined as
 = (asubstrat − afilm)/asubstrat.
†These results were obtained by assuming a linear reciprocal thickness dependence of K2⊥, for a film
thickness above 8 ML. The perpendicular uniaxial anisotropy shows, however, a deviation from the
linear dependence, which is due to the thickness dependence of the strain in the film (for more details
see chapter 8).
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both surface-interface and volume contributions to the uniaxial in-plane anisotropy have an op-
posite sign in comparison to the values of Fe/{4×6}GaAs. This is related to the opposite sign
of the strain in this system ( > 0).
Similar to the ones of Fe/{4×2}InAs(001), the volume contribution to the perpendicular
anisotropy and the contributions to the uniaxial in-plane anisotropy of Fe/{2×4}InP(001) have
the opposite of those of Fe/GaAs. This is also due to the fact that both Fe/InP and Fe/InAs have
positive lattice mismatches whereas Fe/GaAs has a negative lattice mismatch. In contrary to the
Fe/{4×6}GaAs(001) and Fe/{4×2}InAs(001) systems, in Fe/{2×4}InP the strain is thickness
dependent because of the high reactivity of the Fe/InP interface and consequently formation of
the FexP1−x compounds.
Although the surface contribution to the perpendicular magnetic anisotropy in Ag/Fe/{4×6}
GaAs(001) is suppressed by about 20%, the other magnetic anisotropy contributions are only
slightly affected in comparison to the Fe/{4×6}GaAs system. For the Fe/Ag/{4×6}GaAs(001)
system a reversed situation is governing. While the surface contribution to the magnetic
anisotropy constants are unaffected, the interface uniaxial anisotropy is decreased by about
25% in comparison to Fe/{4×6}GaAs. This can be understood from the fact that the Ag layer
change both stress and the electronic structure of the Fe films at the interface.
A comparison to the Fe/InAs Fe/Au/{4×2}InAs(001) and Au/Fe/Au/{4×2}InAs(001) shows
no in-plane anisotropy. The volume contribution to the perpendicular magnetic anisotropy is
also suppressed by 40%. These observation can be attributed to the inter-diffusion of the Au to
Fe layers.
In summary, most of magnetic properties of the studied systems are directly related to the
strain, structure and the nature of the interfaces, which are included in these layered structures.
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10. Fe3Si thin films on MgO(001)
In this chapter the experimental results of the magnetic as well as structural characterization of
epitaxial 4–40 nm Fe3Si/MgO(001) thin films investigated by ex situ ferromagnetic resonance,
superconducting quantum interference device magnetometry, and magneto-optical Kerr effect
are presented. Magnetic anisotropy energy, g-factor, and magnetization as well as magnetic re-
laxation parameters were determined for different samples with Si concentrations of 20, 25, and
30 %. Additionally, different annealing procedures were applied. It was found that the films have
a dominating cubic anisotropy K4 ≈ 3 · 103 J/m3 that is about one order of magnitude smaller
than the one of bulk-Fe. The magnetization was determined to be on the order of μ0M ≈1 T
which is less than half of the value for bulk Fe (μ0M=2.1 T). A small uniaxial in-plane and
a larger out-of-plane anisotropy of interfacial nature was detected. From frequency dependent
ferromagnetic resonance measurements an isotropic g-factor g = 2.075(5) was found which is
slightly smaller than the one of bulk Fe (g = 2.091). For the 4 nm film a small enhancement
was observed (g = 2.080(5)). The magnetic anisotropy fields and the g-factor decrease linearly
as the Si concentration increases within the D03-regime. The spin and orbital magnetism of the
8 nm Fe2.8Si1.2, Fe3Si, and Fe3.2Si0.8 epitaxially grown films were determined by combination
of FMR and SQUID magnetometry. The effective spin and orbital moment of the stoichiometric
Fe3Si was found to be μeffS(L) = 1.38μB(0.051μB), which is smaller than the one of bulk-Fe
[μeffS(L) = 2.24μB(0.103μB)] by a factor of roughly two as was confirmed by our density func-
tional theory calculations [μeffS(L) = 1.75μB(0.029μB)]. The reduced spin and orbital moments
are due to the fact that in Fe3Si the atomic orbitals are more affected (quenched) by the lig-
and field than in bcc bulk Fe. Two relaxation channels, i.e., isotropic intrinsic Gilbert damping
and anisotropic two-magnon scattering are simultaneously identified by detailed analyses of the
frequency and angular dependence of the FMR linewidth. The scattering rates for spin-waves
propagating in 〈100〉- and 〈110〉-directions (γΓ〈100〉 = 0.25(2) GHz and γΓ〈110〉 = 0.04(2)
GHz) due to two-magnon scattering at the crystallographic defects and the isotropic Gilbert
damping term G=0.051(1) GHz are determined. We show that by changing the film thickness
from 8 to 40 nm and by slightly modifying the Fe concentration one can tune the non-Gilbert
type relaxation via changing the density of the available spin-waves with non-zero wave-vectors
as well as the Gilbert relaxation via changing the spin-orbit coupling.
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10.1. Introduction
It has been demonstrated by theoretical as well as experimental investigations that Heusler
alloys show ferromagnetic order [169–171]. It is, however, still not fully understood, how the
ferromagnetism is stabilized on a microscopic level, as it is connected to a quite complex unit
cell in these types of materials. There exist two classes of Heusler alloys: (i) ‘full Heusler
alloys’ with the general formula X2YZ and cubic L21 structure. (ii) ’Half Heusler alloys’ with
the general formula XYZ and a C1b lattice structure (X and Y denote transition metal atoms,
while Z is a group II-V element). It was predicted that some of the ‘full Heusler alloys’ are fully
spin polarized at the Fermi level and have half-metallic character, e. g. Co2MnSi [171–174].
Fe3Si is a binary Heusler alloy (Fe2FeSi) with a cubic D03 structure. It has a spin polariza-
tion of 43% (at T=0 K) in addition to its high Curie-temperature being 820 K [26–28]. In Fig.
10.1 a schematic drawing of the Fe3Si lattice and the calculated density of states (DOS) [142]
is shown. The lattice parameter is close to the one of many SC substrates (i.e. GaAs). These
aspects make it a very promising candidate for applications in spintronics. Bulk-Fe3Si was
intensively investigated theoretically [175–177] and experimentally [26–28,178] with respect
to its magnetic and microstructural behavior. In order to realize the application of Fe3Si in
future magneto-electronic and spintronic devices the growth of well ordered ultrathin mag-
netic structures is required. In contrast to bulk, the epitaxial growth and magnetic properties
of Fe3Si films on semiconducting substrates have been investigated by a few groups only, i. e.
Fe3Si/Si(Ge) [29–34] and Fe3Si/GaAs(001) [35–43]. Besides the growth on semiconductors,
the growth of Fe3Si films on MgO(001) substrates is of interest in connection with the Tunnel
Magnetoresistance (TMR) effect. The TMR effect results from the quantum mechanical tun-
nelling effect with spin-split transition probabilities. The TMR can be illustrated best by the
simplest system of two ferromagnetic layers separated by an insulating spacer layer. It has been
predicted [44] and later demonstrated [45–47] that the TMR effect increases just by replacing
the amorphous Al2O3 insulating layer by a crystalline MgO barrier in FM/MgO/FM magnetic
tunnelling junctions (MTJ).
In this chapter we report on the structural and magnetic properties of Fe3Si films epitaxi-
ally grown on MgO(001). The magnetic anisotropy as well as the g-factor will be quantitatively
determined and discussed in terms of their dependence on (i) the film thickness, (ii) different
annealing procedures, and (iii) the Si concentration close to stoichiometry. Moreover, the mag-
netic relaxation process will be studied in this binary Heusler structure by studying the FMR
linewidth. The relaxation model by Arias and Mills [81,82,85]is experimentally tested and used
to quantitatively determine the magnetic relaxation parameters.
This chapter is organized as follows: Secs. 10.2 and 10.3 provide the results of the growth
and structural characterizations. The static magnetic properties such as magnetic anisotropy,
g-factor, dispersion relation, spin and orbital magnetic moment for different film thickness,
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Figure 10.1.: (a) Schematic representation of the D03 structure of Fe3Si lattice. (b) The calculated total
density of states in Fe3Si calculated by S. J. Hashemifar using Wien2k [142]. The Fermi level is marked
as vertical line at E=0 eV.
different sample treatment, and different Si concentration will be presented in Secs. 10.4 to
10.6, respectively. Section 10.8 describes the dynamic magnetic properties of samples with
different thickness and Si concentration.
10.2. Growth of Fe3Si on MgO(001)
Epitaxial 4, 8, and 40 nm Fe3Si films were grown on MgO(001) in an MBE chamber with a base
pressure of about 1 × 10−9 mbar in the group of Prof. Keune, (University of Duisburg-Essen).
The MgO(001) substrate was first cleaned by isopropanol in an ultrasonic bath and afterwards
transferred into the UHV chamber. Inside the UHV chamber the substrate was annealed at
1200 K for 30 min. This substrate preparation results in a clean surface. The use of MgO(001)
as a substrate to grow epitaxial Fe3Si thin films is supported by the fact that there is a good match
of the lattice parameters along the Fe3Si 〈100〉- and the MgO-〈110〉-directions. Using the lattice
constants for Fe3Si (0.565 nm) and MgO (0.423 nm), the atomic distance along Fe3Si-[100] is
0.567 nm, while for MgO-[110] it is 0.598 nm. This leads to a lattice mismatch of 5.2% with
the two lattices being rotated by 45◦. The film is thus expected to be under tensile strain in
the film plane. During the film deposition the substrate was kept at a constant temperature of
Ts = 485 K, while the films were grown by co-evaporation of 57Fe and Si. The growth rate
was about 1 nm/min, which was monitored using a calibrated quartz microbalance. In order
to avoid any oxidation, the samples were capped with 5 nm of chromium. To verify that the
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chromium layer has no influence on the magnetic properties, uncapped films were also produced
for comparison.
In order to investigate influence of the annealing on the magnetic properties, three samples
with the thickness of 8 nm were prepared:
Sample A: deposited at Ts =480 K.
Sample B: has been annealed in UHV for 1 h at Ta = 900 K immediately after growth at
Ts =480 K.
Sample C: was annealed immediately after growth in UHV in steps of 100 K between Ta =
550− 900 K. At each temperature step the sample was kept for 1 h.
Moreover, to study the influence of the Si concentration on the magnetic parameters, three
different samples with the thickness of 8 nm were prepared:
Sample D with a Si concentration of 20%.
Sample E with a Si concentration of 25%.
Sample F with a Si concentration of 30%.
All three samples (D, E, and F) were annealed immediately after deposition in UHV at Ta =
900 K for 1 h in order to reach the favorable D03 structure as will be discussed in the context of
the experimental results (see Sec. 10.4.2).
The structure and stoichiometry of all capped and uncapped samples were verified ex situ
using X-ray diffraction (XRD) and energy dispersive X-ray analysis (EDX). The actual com-
position and the D03 and B2 chemical order parameters of the films were determined by 57Fe
Mössbauer spectroscopy in combination with spectra simulations [179], and found to be 25%
and 28% Si for the 8 nm and 40 nm thick films (nominally 25% Si) and 19.5% Si for the 8 nm
thick film (nominally 20% Si). Moreover, the actual 28% Si content of the 40 nm sample was
independently confirmed by Auger electron spectroscopy (AES) sputter profiling to be 27.7%
Si [179].
10.3. Structural characterizations
We have performed X-ray diffraction measurements using Cu Kα radiation. In Fig. 10.2 the
results are summarized for samples A, B, and C. One can clearly identify the MgO(200) as
well as the Fe3Si(200) and Fe3Si(400) reflex. Note, as sample A was capped by Cr, the Cr(200)
reflex leads to the shoulder on the left side of the Fe3Si(400) reflex. Since no Kβ filter was used,
the substrate peak has a satellite due to the Kβ radiation. The occurrence of a satellite due to W
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Lα radiation results from a small contamination of the Cu anode. Upon comparing samples A,
B, and C one observes that samples A and C present the same diffraction angles of the Fe3Si
reflexes, while for sample B they have slightly higher values (this can be seen better in the inset).
The vertical lattice constant that follows for sample B is a⊥ = 5.63 Å. As can be seen from the
vertical line in the inset representing the bulk value, we conclude that samples A and C have
bulk-like lattice constants (0.567 nm), whereas the lattice of sample B is slightly compressed
along the film normal. This expected due to the in-plane tensile strain. Sample B shows the
highest intensity of the reflexes. The full width at half maximum (FWHM) of all samples is,
however, nearly the same, showing that the typical size of the crystallites is quite similar. The
Fe3Si(400) reflex was fitted by a Lorentzian function (in the case of Cr-capped sample with two
Lorentzian functions, one for Cr(200) and one for Fe3Si(400)) and the average vertical size of
the crystallites were calculated using the well-known Scherrer formula [180]
D =
0.94 · λ(CuKα)
cos θ ·ΔθFWHM (10.1)
where ΔθFWHM is the full width of the diffraction peak at half maximum, λ(CuKα) the wave-
length of the radiation, 0.94 a factor for cubic symmetry and θ is the diffraction angle. The
spectra linewidth caused by the apparatus is much smaller than 0.1◦ and can be neglected. Em-
ploying Eq. (10.1) leads to average sizes of D = 6.5±0.5 nm. The crystallite sizes are the same
for all samples and nearly as large as the film thickness. The higher intensity of the Bragg re-
Figure 10.2.: XRD spectra of the samples A, B, and C (logarithmic scale). The inset shows the manifes-
tation of the (400)-peak of Fe3Si .
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flexes in the case of sample B indicates a better (100)-orientation of the crystallites and thus the
film as a whole, since only the (100) lattice planes determine the intensity in the θ/2θ-geometry.
This is consistent with a larger strain within sample B due to a better orientation on the sub-
strate. To achieve the strained state one obviously needs a well-defined annealing procedure.
Heating too much leads to a relief of strain as observed for sample C.
In summary, the X-ray analysis yields clear evidence that sample B has the optimum epi-
taxial quality (see Fig. 10.2) with an optimum (100)-orientation. This was also confirmed by
conversion electron Mössbauer spectroscopy (CEMS) measurements [179].
The epitaxial growth of the Fe3Si on MgO(001) manifests itself in a well-ordered magnetic
structure, which will be discussed in the following. First, we present the analysis of the magnetic
anisotropy fields. Then we discuss the g-factor and the implicit results.
10.4. Magnetic anisotropy
In order to determine the anisotropy fields the ex situ FMR experiments were carried out at
a microwave frequency of 9.9 GHz. The FMR spectra were recorded as a function of the
polar and azimuthal angle of the external magnetic field at RT. The absolute value of the
magnetization was measured by SQUID magnetometry. In addition to this, the frequency
dependence of the FMR spectra was investigated over a wide range of microwave frequencies
between 1 and 70 GHz in order to precisely determine the g-factor and magnetic relaxation
parameter. The measurements at 1, 4, 10, 24, and 35 GHz were performed using microwave
cavities, while the additional measurements between 6 and 20 GHz and above 35 GHz were
performed by placing the sample into a shorted waveguide termination.
MOKE studies were carried out in order to determine the coercive field as well as the magneti-
zation reversal process. MOKE measurements were performed by F. M. Römer in longitudinal
geometry, for which the applied field is oriented parallel to the plane of the incident laser beam.
The polar and azimuthal angular dependence of the resonance field recorded at a microwave
frequency of 9.9 GHz for 4 and 40 nm samples (not annealed after preparation) are shown in
Fig. 10.3. The fourfold (cubic) symmetry in the azimuthal angular dependence of the resonance
field (right panels in Fig. 10.3) indicates that an in-plane cubic anisotropy exists with easy axes
along the 〈100〉-directions of the Fe3Si films. This cubic contribution is slightly affected by
another small in-plane anisotropy term in the case of the 4 nm sample. This uniaxial anisotropy
has uniaxial character and favors an easy axis along a direction which is rotated by -13◦ with
respect to the [100]-direction. Although the origin of the uniaxial contribution could not be
unambiguously extracted from the measurements, it must be of interfacial nature, as its value
clearly decreases for thicker films. As no difference of the uniaxial in-plane anisotropy was
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Figure 10.3.: Polar and azimuthal angular dependence of the resonance field of a 4 nm (upper row) and
a 40 nm (lower row) Fe3Si film measured at a microwave frequency of 9.9 GHz.
found between the uncapped and Cr-capped samples, the cover layer as the origin can be ruled
out. We therefore propose that either a small miscut of the substrate or the deposition of Si,
which is performed under an oblique angle of about 30◦ with respect to the film normal are
possible sources. While the former leads to steps on the substrate, the latter could result in
small islands with a preferential alignment parallel to the projection of the deposition beam
onto the sample surface, thus leading to a uniaxial symmetry at the surface.
The anisotropy fields were determined by fitting the experimental FMR data of polar and az-
imuthal angular dependence of the resonance field using Eqs. (2.21) and (2.22). The anisotropy
constant can be found by using the sample magnetization measured by SQUID. In this case
10% error in magnetization—caused by uncertainty of the sample volume— enters into the ob-
tained anisotropy constant. As the anisotropy fields obtained by FMR has only a small error
bar (smaller than 1%), in the following section we discuss the anisotropy field instead of the
anisotropy constants.
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d μ0Meﬀ K4/M K2‖/M μ0M K2⊥ K4 K2‖
(nm) Ref. (mT) (mT) (mT) (mT) (103 J
m3
) (103 J
m3
) (103 J
m3
)
4 nm [This work] -941 3.5 0.45 1053 46.9 2.9 0.38
8 nm [This work] -958 3.9 0.08 1052 39.4 3.3 0.07
40 nm [This work] -978 3.9 0.00 1059 34.1 3.3 0.00
Bulk [178,181] -1232 5.5 — 1232 — 5.4 —
21 nm [37,38] — 4.1 0.06 931 — 3.1 0.046
39 nm [35] -1010 4.7 0.3 992 -7 3.7 0.2
Table 10.1.: The magnetic anisotropy fields and the corresponding anisotropy constants of Fe3Si films
for different film thickness. Our results are shown in the upper part while in the lower part the anisotropy
fields of a 21 and a 39 nm Fe3Si/GaAs(001) as well as the bulk values are listed. The error bar in
anisotropy constants is about 10%, which lies mainly in the uncertainty in the sample volume used to
determine the sample magnetization.
10.4.1. Thickness dependence of the anisotropy fields
The resulting anisotropy fields for different film thicknesses are summarized in the upper part of
Tab. 10.1. whereas the cubic anisotropy field, K4/M ≈3.9 mT, was found to be almost thickness
independent, the effective out-of-plane anisotropy field, μ0Meﬀ is slightly thickness dependent.
The reciprocal thickness dependence of the anisotropy fields is shown in Fig. 10.4. No linear
Figure 10.4.: The reciprocal thickness dependence of the anisotropy fields. The error bars are smaller
than the symbol size.
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behavior is found, which can be related to the fact that all three samples are thick enough so that
interface contributions are negligible. Our values of K4/M are similar to the one measured by
MOKE for a 21 nm Fe3Si film grown on GaAs(001) [37,38]. They are, however, smaller than
the value of bulk Fe3Si [178] and of a 39 nm thick sample grown on GaAs(001) [35,43] (see
lower part of Tab. 10.1).
μ0Meﬀ is roughly 2 times smaller than μ0MFeeﬀ = 2.15 T for Fe bulk, which is due to the fact
that the magnetization of Fe3Si is by a factor of 2 smaller than the one of Fe (the out-of-plane
anisotropy field 2K2⊥
M
is very small in comparison to μ0M).
μ0Meﬀ =
2K2⊥
M
− μ0M was found to be slightly thickness dependent (see Fig. 10.4). The
magnetization was found to be thickness independent (see Tab. 10.1) as measured by SQUID.
As the absolute value of μ0Meﬀ increases with increasing film thickness, K2⊥ is positive and
becomes larger for thinner films.
To shed light onto the origin of K2⊥, we write the reciprocal thickness dependence of the effec-
tive out-of-plane anisotropy field in the limit of thin films as μ0Meﬀ =
(
2Kv2⊥
M
− μ0M
)
+2
Ksi2⊥
dM
,
where Ksi2⊥ (Kv2⊥) is the surface-interface (volume) contribution to K2⊥ and d is the film thick-
ness. Note that a simple proportionality to 1/d is valid only for films with thickness independent
values of Ksi2⊥ (Kv2⊥), i.e. in a coherent growth regime, where no structural variations occur as
discussed in Sec. 2.3. The slope and the y-axis intersection of Fig. 10.4 yields the values of
μ0M − 2K
v
2⊥
M
= 0.981 T and K
si
2⊥
M
= 0.8(2)× 10−10 Tm. Using μ0M of the 40 nm sample one
calculates Ksi2⊥ = 6(2)× 10−5 J/m2 and a value for Kv2⊥ = 33(1)× 103 J/m3.
Kv2⊥ and Ksi2⊥ are very small compared to the shape anisotropy 12μ0M
2 = 4.4× 105J/m3. The
positive sign of Kv2⊥ indicates that this anisotropy contribution favors an out-of-plane magneti-
zation direction. A twofold volume anisotropy would result from a tetragonal distortion of the
cubic lattice [58,62]. Indeed our X-ray analysis (see Fig. 10.2) shows a compressed vertical lat-
tice parameter for the 8 nm sample of a⊥ = 0.563(2) nm which is about 0.3% smaller than the
bulk Fe3Si. This indicates that the lattice is still distorted even for the 8 nm samples. Minimizing
the elastic energy one expects a smaller vertical value due to the in-plane tensile strain. This is,
however, surprising that the 8 nm thick film is not complectly relaxed.
The positive sign of both K si2⊥ and Kv2⊥ means that these terms favor an out-of-plane easy mag-
netization axis (note that a positive sign for the perpendicular surface anisotropy is well-known
for Fe films). In the very thin film limit (monolayer regime) K2⊥ might even overcome the
shape anisotropy, resulting in an out-of-plane easy axis.
10.4.2. Influence of thermal treatments on the anisotropy fields
The influence of the thermal treatment on the magnetic anisotropy was studied on samples A,
B, and C (see Sec. 10.2). The polar and azimuthal angular dependence of the resonance field
for all three samples are shown in Fig. 10.5. The anisotropy fields resulting from fittings the
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Figure 10.5.: (a) Polar and (b) azimuthal angular dependence of the resonance field for sample A, B and
C. The resulting anisotropy fields are listed in Tab. 10.2.
Sample μ0Meﬀ (mT) K4/M (mT) K2‖/M (mT) μ0M (mT)
A -958(7) 3.9 0.008 1052
B -1080(1) 4.5 — 1105
C -1226(7) 8.6 — 1252
Table 10.2.: Magnetic anisotropy fields of Fe3Si/MgO(001) prepared by three different annealing pro-
cedures. All samples have a thickness of 8 nm. The error bar of the magnetization is 10%, mainly due to
uncertainty of the sample volume.
A: Without any annealing procedure,
B: Directly annealed at 900 K for 1 h,
C: Temperature raised from 550 K to 900 K in steps of 100 K (time at each step 1 h).
dependencies are listed in Tab. 10.2. A large enhancement of both, μ0Meﬀ and K4/M , was
observed for the annealed samples compared to the as-prepared one (type A). Our experimental
results further show that sample C has even larger anisotropy than sample B. The MOKE data
for samples B and C presented in Fig. 10.6 support the finding from FMR. As can be clearly
seen, sample B has a smaller saturation field along the [110]-direction compared to sample C.
Assuming a coherent rotation between easy and hard in-plane direction, the saturation field
along the [110] hard in-plane direction is given by 2K4/M . This results in anisotropy fields of
2K4/M = 9(1) mT for sample B, while for sample C, 2K4/M = 14(1) mT are obtained. Both
values are consistent with the ones obtained by FMR (see Tab. 10.2). In addition, sample B is
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Figure 10.6.: MOKE hysteresis loop of sample B (left panel) and sample C (right panel) recorded at RT
with the magnetic field applied along the easy [100] and hard [110] in-plane direction, recorded by F. M.
Römer. The insets are magnifications of the low field regions.
magnetically softer, as can be seen from the smaller coercivity. This suggests—in combination
with our X-ray analysis discussed in Fig. 10.2— that sample B has less structural defects than
sample C, leading to an easier motion of the spins during magnetization reversal. In the bulk,
all structural phases of Fe3Si are stable up to a temperature of 1500 K [26], and no temperature
induced structural transformation of our samples were observed within our X-ray diffraction
study (see Fig. 10.2).
10.4.3. Influence of the Si concentration on the anisotropy fields
It is well known that the concentration of the constituents Fe and Si within the binary Fe-Si
alloy has a considerable influence on the electronic and magnetic properties [175–177,181].
In order to investigate the influence of the Si concentration on the magnetic parameters, the
magnetic anisotropy of 8 nm Fe80Si20 (sample D), Fe75Si25 (sample E), and Fe70Si30 (sample
F) thin films were investigated.
Sample Si-Con. (%) μ0Meﬀ (mT) K4/M (mT) K2‖/M (mT) μ0M (mT)
Fe-Bulk 0 -2150 28.05 — 2150
D 20 -1460(2) 9.8 — 1345
E 25 -1144(3) 5.5 — 1105
F 30 -1006(7) 3.05 0.12 971
Table 10.3.: Magnetic anisotropy fields of an 8 nm Fe(1−x)Six films with different Si concentrations of
x = 20, 25, and 30% measured at RT.
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Figure 10.7.: (a) Polar and (b) azimuthal angular dependence of the resonance field for different Si
concentrations of 20, 25, and 30%. The solid lines are fits according to Eqs. (2.21) and (2.22). The
resulting anisotropy fields are listed in Tab. 10.3.
The magnetic anisotropy fields were determined by again performing polar and azimuthal
angle dependent measurements. The results are shown in Fig. 10.7 for the three different sam-
ples and the resulting anisotropy constants are listed in Tab. 10.3.
Figure 10.8 shows the anisotropy fields as a function of the Si concentration. The anisotropy
fields of a 33 nm thick Fe film epitaxially grown on GaAs(001) is also shown as a reference for
bulk Fe. Figure 10.8 shows that both μ0Meﬀ and K4/M as well as the magnetization M are de-
Figure 10.8.: (a) Magnetic anisotropy fields and (b) the magnetization as a function of Si concentration
of 20, 25, and 30% (samples D, E, and F, respectively) measured at RT. The solid lines are linear fits.
The error bar of the magnetization values are due to the uncertainty of the sample volume.
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creased by increasing the Si concentration. The magnetization of sample F is reduced by about
30% with respect to sample D and by about 15% with respect to sample E with the optimum
Fe and Si concentration (see column 6 of Tab. 10.3). One should note that from the phase dia-
gram of Fe1−xSix no crystalogryphic changes are expected when varying the Si concentration
by 5%, as Fe1−xSix stabilizes the D03 structure at Si concentrations between 12.5 and 31% [26].
The fact that all three samples have D03 structure is demonstrated in Fig. 10.9 where the XRD
spectra of the samples are shown. As can be seen from Fig. 10.8, the anisotropy fields and mag-
netization are nearly linear with Si concentration even outside the regime of the D03 structure.
By fitting the linear behavior of the anisotropy fields within the D03-regime, one obtains the
concentration dependence of anisotropy fields and magnetization: K4/M [mT ] = 0.27−0.7 ·x,
μ0Meff[T ] = −2.2 + 4 · x and μ0M [T ] = 2 − 4 · x where x is the Si concentration in the
D03-regime.
The spin moments of the Fe and Si atoms are strongly related to their positions within
the Fe3Si lattice [177]. As it is obvious that by increasing the number of Fe atoms within the
cubic D03 structure of Fe1−xSix, the configuration of nearest neighbors must change. The spin
moment is thus expected to be influenced by concentration. In our g-factor analysis we will
show that also the orbital magnetic moments decrease with increasing Si concentration and that
this decrease is even stronger than the one of the spin magnetic moment. Taking the decrease
of both, spin and orbital contribution into account, the spin-orbit coupling itself will be smaller,
which in turn explains the smaller magnetic anisotropy of the samples with higher Si content.
The main origin of the change of magnetic anisotropy should thus be related to the changes of
Figure 10.9.: XRD spectra of the samples D (Fe80Si20), E (Fe75Si25), and F (Fe70Si30). The inset shows
the manifestation of the (400)-peak of Fe3Si .
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Figure 10.10.: (a) MOKE hysteresis loop of Fe1−xSix for different Si concentration of x = 20, 25, and
30% measured at RT (performed by F. M. Römer). The magnetic field was applied along the easy axis
[100]-direction. (b) Magnifications of the low field regions. (c) Coercivity as a function of Si concentra-
tion within the D03 regime.
the magnetic moments due to the varying amount of Fe and Si.
MOKE hysteresis loops measured along the easy axis [100]-direction are shown in Fig.
10.10(a) indicating that with increasing Si concentration the coercivity increases from 1 mT for
20% Si to a value of about 0.3 mT for a Si concentration of 30% (see Fig. 10.10(c)). This means
that as the Si concentration decreases the film becomes magnetically softer.
10.5. g-factor
The g-factor can be used to monitor the influence of the orbital contribution to the overall mag-
netic moments. Therefore, a careful g-factor determination offers a possibility to learn more
about the different magnetic behavior observed for as-prepared/annealed samples and the off-
stoichiometric ones. As discussed in Sec. 2.3 a precise determination of the g-factor requires a
frequency dependent measurement. Figure 10.11 shows the square of the resonance frequency
versus the resonance field for two different crystallographic directions. The data are that of the
8 nm thick Fe3Si sample B that was annealed directly at 900 K for 1 h. The solid lines are fits
according to Eqs. (2.24) and (2.23) using the anisotropy constants that were determined from
the angle dependent measurements (see Tab. 10.1) The resonance frequency versus resonance
field in perpendicular configuration (B is applied parallel to the film normal) is shown in Fig.
10.11. Its linear dependence was fitted by employing Eq. (2.25). From the fits the g-factor can
be determined. The result shows that the g-factor is isotropic, having a value of g = 2.075(5)
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Figure 10.11.: The square of the resonance frequency versus the resonance field for two different in-
plane configurations (left axis). The solid curves are fits according to Eqs. (2.24) and (2.23) using the
anisotropy constants measured from the angular dependency of the resonance field (see Tab. 10.2). The
frequency dependence of the resonance field with the external magnetic field applied along the film
normal is shown as solid squares (right axis). The dash-dotted line is a fit according to Eq. (2.25). The
inset shows the details below 0.3 T.
which is smaller than the pure bcc Fe value (gFe = 2.091) and also the one of other metallic
ferromagnets (gCo=2.187 and gNi=2.183) [182]. To relate the g-factor to the ratio of orbital to
spin magnetic moment, the well-established Kittel equation (4.4) can be used. The deviation
of the g-factor from the value of a free electron for small orbital moment contributions is pro-
portional to (μL/μS), where μS and μL are the spin and orbital moment, respectively [58,183].
In our case the smaller g-factor thus is related to larger spin magnetic moments or smaller or-
bital contributions. As in our case the magnetization and therefore the spin magnetic moment
is smaller than for Fe bulk, one can conclude that the smaller g-factor in Fe3Si must stem from
a reduction of the orbital magnetic moment as compared to the Fe bulk case. Indeed, we will
show below that adding Si to Fe reduces the g-factor, which has to be related to a reduction of
the orbital magnetic moment. We will come back to this point in Sec. 10.6 and a comparison to
the calculated values will be presented.
10.5.1. Thickness dependence of the g-factor
The g-factor was determined for different film thicknesses as described above and in detail in
Sec. 2.3. The measured g-factors are plotted as a function of film thickness in Fig. 10.12(a). As
no thickness dependent variation of the magnetization and thus of the total magnetic moment
was found (see Tab. 10.2), the small enhancement for the 4 nm-thick sample (g = 2.080(5))
reflects an increase of the orbital moment in the thin film regime. It is straightforward to relate
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Figure 10.12.: . (a) g-factor as a function of film thickness measured at RT and along different crystallo-
graphic directions. (b) g-factor for samples after different annealing procedures. A, B, and C denote the
annealing procedures described in the text. The dashed-dotted lines are guides to the eyes and the dotted
line represents the value of Fe-bulk.
this enhancement to the increasing importance of the surface anisotropy given by K si2⊥. The
reduced symmetry at the surface is thus the source of the uniaxial out-of-plane anisotropy ob-
served for the thin film. Figure 10.12(a) further demonstrates that the g-factor is isotropic for
all film thicknesses, being almost close to the value of 2.075(5).
10.5.2. The effect of annealing on the g-factor
The g-factor was measured for samples A, B, and C (differently annealed samples). Our ex-
periments indicate that within the error bar the value of the g-factor is almost the same for all
samples and very close to 2.075(5) (see Fig. 10.12(b)). From this we conclude that the anneal-
ing reduces the number of defects rather than influences the quality of the D03 structure on an
atomic level, as the latter would definitely lead to changes of the g-factor. This scenario is con-
sistent with the fact that our X-ray diffraction data do not show significant changes between the
differently treated samples. The enhanced intensity of (400) reflex for sample B indicates that in
this case, the orientation of the crystallites are modified whereas their size is almost unchanged.
10.5.3. Influence of Si concentration on the g-factor
The g-factor was determined for samples D and F with Si concentrations of 20 and 30% as well
as for the stoichiometric sample E. The results for the off-stoichiometric samples investigated
at RT are shown in Fig. 10.13(a) together with the fitting curves according to Eq. (2.24) (for the
[100]-direction) and Eq. (2.23) ([110]-direction). The solid squares show the resonance field de-
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Figure 10.13.: (a) The square of the resonance frequency versus the resonance field for a magnetic field
applied parallel to the [100]-direction. The open circles and squares denote samples D and F with Si
concentrations of 20% and 30%, respectively. The solid curves are fits according to Eqs. (2.24) and
(2.23). The solid squares show the resonance field dependence of the resonance frequency when the
external magnetic field is applied along the film normal [001]-direction. The dashed-dotted lines are the
fits according to Eq. (2.25). The inset show the details below 0.5 T. (b) g-factor for samples with different
Si concentration.
pendence of the resonance frequency when the external magnetic field is applied along the film
normal ([001]-direction). The dashed-dotted and dotted lines are fits according to Eq. (2.25).
The anisotropy fields extracted from the angle dependent measurements were used for the fit-
ting. The g-factor as a function of the Si concentration is presented in Fig. 10.13(b). One ob-
serves that the g-factor decreases as the Si concentration increases. Thus, the deviation of the
g-factor from the free electron value decreases with increasing the Si concentration. As the mag-
netization was found to decrease for higher Si content, the reduced g-factor clearly indicates a
strong reduction of the orbital magnetic moment. Furthermore, the g-factor dependence is linear
within the concentration regime in which Fe1−xSix forms the D03 structure. Extrapolating the
g-factor to the one of pure Fe indicates that this trend does change outside the regime of the D03
structure, which shows that the g-factor can also be used as a sensitive tool to monitor structural
changes. By fitting the linear behavior of the g-factor within the D03-regime, one obtains the
dependence g = 2.12− 0.19 · x, where x is the Si concentration in the D03-regime.
The trend of Si to reduce the orbital moments is plausible as paramagnetic Si itself has a g-factor
close to the free electron value of gelectron = 2.0023 [184]. We note that the reduction of the spin
magnetic moment as function of the Si concentration is expected to continue on the Si rich side
of the D03-regime. Fe50Si50 is predicted to show no ferromagnetic order anymore [175].
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10.6. Spin and orbital magnetic moments
The orbital moment of transition metals and most of their compounds is considerably smaller
than the spin moment. This is due to the cubic symmetry and quenching of the orbital moment.
The sum of these two quantities is the total magnetic moment. For the determination of the
orbital moment FMR or XMCD can be used.
FMR can be used to probe the ratio of the orbital to the spin moment (μeffL /μeffS ) via determination
of the g-factor [183]. For small values of (μeffL /μeffS 1), and by neglecting the higher order
terms, the g- factor can be expressed as [185]
g = gelectron + 2
(
μeffL
μeffS
)
; gelectron = 2.002319. (10.2)
As the ratio of the orbital to the spin moment μeffL /μeffS of Fe3Si is small, the Kittel formula
[185] (Eq. (10.2)) which is valid only for μeffL /μeffS  1 can be used to extract the orbital to the
spin moment ratio from the measured g-factor in an FMR experiment. The epitaxial growth of
Fe3Si along with the applicability of the Kittel formula in this compound, make it an appropriate
prototype system for the orbital moment investigation.
Inserting the measured g-factor into Kittel’s formula [Eq. (10.2)] one simply obtains
μeffL /μ
eff
S =0.037(3). The SQUID measurements result in a value of M = 0.879 × 106 A/m for
the total magnetic moment per volume, which is the sum of the spin and orbital moments of all
atoms (μeffS + μeffL , see below). In order to determine the effective moments of Fe and Si atoms
information about the relative atomic contributions to the total magnetic moment in Fe3Si are
required. Hence, we calculated the spin resolved electronic structure of Fe3Si in D03 structure
(a schematic illustration of the structure is given in Fig. 10.1(a)) and then obtain the atomic
magnetic moments in the system. Calculations were performed in the framework of our collab-
oration with the group of Prof. Kratzer using DFT based Wien2k computational package [142]
that uses the full-potential linear augmented plane wave (FP-LAPW) method to solve the single
particle Kohn-Sham equations. In the FP-LAPW method, the unit cell is partitioned into two
regions, non-overlapping spheres around the nucleus (Muffin-Tin spheres) and the remaining
interstitial region. In the Muffin-Tin spheres, the wave function is expanded into the atomic or-
bitals and lattice harmonics while in the interstitial region, plane waves are used as the basis set.
The exchange-correlation energy was calculated by using the generalized gradient approxima-
tion (GGA). The relativistic spin-orbit correction was taken into account to calculate the orbital
contributions to the magnetic moments.
There are two different Fe atoms in the unit cell of the D03 lattice (Fig. 10.1(a)) and we
found that the local moment on FeII sites is significantly larger than the one on FeI sites in
good agreement with previous theoretical [171,175,176,186,187] and experimental [28,37,38]
investigations. The results show that the Fe atoms at FeI sites have a spin (orbital) moment of
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μS =1.35 (μL =0.022) μB while at FeII sites, they have a spin (orbital) moment of μS =2.57
(μL =0.042) μB. The spin moment of the Si atom was found to be antiparallel and very small
(μS =-0.067 μB) and its orbital moment was practically zero, hence its contributions to the
total moment is neglected. We assume a Russel-Saunders (L-S) type coupling [188] where the
effective spin (orbital) moment of Fe atoms in D03 structure of Fe3Si can be expressed as
μeffS(L) =
[
8μS(L),F eI + 4μS(L),F eII
]
8FeI + 4FeII
. (10.3)
Here the denominator represents the total number of Fe atoms in the unit cell that are 8 FeI
plus 4 FeII atoms. This approach leads to effective spin and orbital moments of μeffS = 1.75
μeffL = 0.029μB.
Now we turn back to the experimental results of the FMR and SQUID measurements, to
experimentally find out the effective spin and orbital moments. By assuming again an L-S type
coupling, according to Eq. (10.3) we obtain the values of μeffS = 1.38μB and μeffL = 0.051μB.
We note that within this approach all Fe atoms are assumed to be equivalent and the individual
moments of FeI and FeII are not distinguishable. It is observed that the obtained theoretical
value of μeffL is smaller than the measured one. For transition metals, it is rather common that
LDA/GGA severely underestimates the orbital moment [189–191]. For instance, for bcc Fe,
LDA finds a value of μL ∼ 0.04μB instead of the experimental value μL ∼ 0.1μB [190,191].
Although the absolute values of the calculated orbital moments are small and cannot be directly
compared to the measured values the relative changes with respect to the value of the Fe-bulk
are in acceptable agreement with experiment.
System g-factor μeffS [μB/atom] μeffL [·10−3μB/atom]
Measured
Fe2.8Si1.2 2.067 1.32 46
Fe3Si 2.075 1.38 51
Fe3.2Si0.8 2.085 1.53 65
Fe 2.092 2.24 103
Calculated
FeSi 2.002 0.00 0
Fe3Si 2.035 1.75 29
Fe 2.069 2.28 76
Table 10.4.: The measured g factor, effective spin and orbital moments of the 8 nm Fe3±δSi1∓δ (δ =
0, 0.2) thin films (upper part). The error bar in μeffS and μeffL is less than 6% and mainly results form the
uncertainty of the sample volume. Calculated g-factor, effective spin, and orbital moments of bulk FeSi,
Fe3Si, and Fe (lower part).
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In order to shed light into the origin of the quenching of the orbital moments in Fe3Si and to
find out the role of local atomic moments in the effective moments, the spin and orbital moments
were calculated for two additional cases: (i) bcc Fe (ii) FeSi ordered in B2 structure using the
same theoretical approach mentioned above. The calculated spin and orbital moments are listed
in the lower part of Tab. 10.4.
Both experimental and theoretical results indicate that μeffS and μeffL of Fe atoms in Fe3Si are
considerably smaller than the corresponding values in the bcc Fe (see Tab. 10.4). The reduction
of the spin and orbital moments in the Fe3Si alloy, compared to the Fe-bulk, can be attributed
to the Fe-Si bonding and hybridization that change the Fe band structure near the Fermi level
(see below). Based on the calculated moments in Fe50Si50, we conclude that increasing the Si
concentration to 50% completely extinguishes the ferromagnetic character of the system.
We expect that alloying with Si increases the crystal field strength and accordingly orbital
quenching effects in iron. The extreme quenching was observed in the B2 structure of FeSi alloy
in which every Fe atom is surrounded by 8 nearest Si neighbors. This geometry indicates high
Fe-Si hybridization in this system that leads to a complete quenching of the moments.
A perfect D03 lattice of Fe3Si consists of four bcc and four B2 sublattices (twelve Fe atoms,
eight FeI, four FeII and four Si atoms, see Fig. 10.1). The first argument for the direct influence
of Fe-Si hybridization on orbital quenching is based on the different magnetic moments of
Figure 10.14.: Calculated spin resolved DOS of the (a) FeI, (b) Si, (c) FeII atoms in Fe3Si lattice, and
(d) bulk-Fe. The solid curves represent the minority spins whereas the dashed-dotted curves represent
the majority ones. Calculations were performed by S. J. Hashemifar.
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FeI and FeII atoms in ordered Fe3Si alloy, which was found by our calculations. FeII in this
alloy has eight Fe nearest neighbors whereas FeI has four Fe and four Si nearest neighbors
and hence should be effectively hybridized with Si and consequently has a smaller magnetic
moment compared to FeII. In Fig. 10.14 the spin resolved density of states (DOS) of each
individual atoms in Fe3Si are shown. Figure 10.14 clearly indicates that: (i) the minority spins
states in FeI are enhanced with respect to the one of bulk-Fe and (ii) the minority states are
very similar to the one of Si. Since the DOS of both minority and majority spins in FeII is not
affected drastically, we conclude that both changes in the DOS of FeI are direct indications
of the hybridization of the d-states of FeI with the p-state of Si that strongly suppressed the
FeI moments. For justification of the effect of Fe-Si hybridization on the magnetic moments
we replace a Si (an Fe) atom with an Fe (a Si) atom in the unit cell that was obtained by
modifying the Fe and Si concentration in Fe3Si alloy by ±5% [5% increasing (decreasing)
of Si concentration is almost equal to replacing an Fe (a Si) atom by a Si (an Fe)]. These
replacements, modify the number of the nearest Si neighbors of some Fe atoms and number of
Fe-Si bonds and consequently change the effective Fe moments. Following the same method
used for Fe3Si, we measured the effective spin and orbital moments of the off-stoichiometric
samples. The results are summarized in the upper part of Tab. 10.4. Notably, the unit cell of
Fe3.2Si0.8 consists of almost thirteen Fe atoms (five bcc and three B2 sublattices) whereas the
one of Fe2.8Si1.2 consists of almost eleven Fe atoms (three bcc and five B2 sublattices), which
have to be taken into account for the off-stoichiometric samples (see Eq. 10.3).
Table 10.4 clearly indicates that both spin and orbital moments increase as the Fe concen-
tration increases. It means that replacing one Si atom with one Fe atom in the unit cell reduces
the effective Fe-Si hybridization in the system and consequently enhances the effective atomic
moment. A reversed mechanism takes place when an Fe atom is replaced by a Si, which in turn
explain the decreased effective Fe moments in Fe2.8Si1.2.
In summary, we used the experimental FMR and SQUID techniques as well as the DFT based
calculations to study the spin and orbital magnetism in Fe-Si alloys. In the experimental part we
investigated bcc Fe, the D03 ordered Fe3±0,0.2Si1∓0,0.2 thin films while in the theoretical part,
in addition to the ordered stoichiometric Fe3Si, FeSi, and bcc Fe were calculated. The results
confirm that Fe-Si hybridization increases the crystal field effects on Fe atoms and consequently
enhance the orbital quenching in Fe3±δSi1∓δ binary Heusler structures.
10.7. FMR dispersion relation
The values of the anisotropy fields resulting from the angle dependent measurements and the
g-factor measured by frequency dependent measurement are used to numerically calculate the
dispersion relation. The calculated dispersion relation was compared to the experimentally mea-
127
10. Fe3Si thin films on MgO(001)
Figure 10.15.: The resonance frequency versus field (dispersion relation) of (a) samples B and (b) sample
C measured at RT and along three different crystallographic directions. The experimental data are shown
as open (for the case that the external field is applied in the film plane) and solid symbols (for the case
that the external field is applied perpendicular to the film plane). The solid and dashed-dotted lines are
the numerically calculated curves. The inset show the details of low frequency measurements.
sured one. In Fig. 10.15 two examples are shown. Figure 10.15 indicates that for the resonance
frequencies below 3 GHz, both the unsaturated as well as saturated modes are observed when
the external magnetic field is applied along 〈110〉-direction (see the insets). The modes overlap
with each other at lower frequencies, as expected from the calculated dispersion relation.
It was observed that the unsaturated branch is going to be shifted to the higher microwave
frequency and higher resonance field with decreasing the Si concentration. This can be un-
derstood by the enhanced anisotropy fields and the slight enhancement of the g-factor for the
samples with lower Si-concentration.
10.8. Relaxation mechanisms
Magnetic relaxation processes are among the most interesting topics in magnetism at the nano-
scale. As the dimensions of magnetic structures decrease, different kinds of magnetic phenom-
ena appear, such as thickness-dependent Curie temperatures [192], easy axes located normal
to the plane [193], or magnetic coupling mechanisms due to the confinement given by the
low dimensionality [194]. Besides these static effects, for which the magnetization remains
in its ground state, dynamic processes involving a magnetic excitation and subsequent gyro-
scopic vortex precession and reversal in magnetic Landau domain configurations [195] exist.
Also, mechanisms leading to ultra fast magnetization reversal either by applying magnetic
fields or using the torque carried by a spin-polarized current (current induced switching) are
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moving into the focus of many investigators. In all of these effects, understanding the dif-
ferent relaxation channels in magnetic damping is the most important issue. However, rather
few experimental studies have addressed the microscopic origin of the relaxation processes in
nano-magnets [54,135,196,197]. Usually, these processes are described by LLG phenomenol-
ogy only, neglecting other physical mechanisms that contribute to the damping process in nano-
magnets.
This section gives a detailed and quantitative explanation of the damping processes within
thin Fe3Si films grown epitaxially on MgO(001), a system that can be viewed as a prototype
system for the investigation of relaxation mechanisms. The results of extensive frequency de-
pendent (in the range of 1 to 70 GHz) as well as angle dependent measurements of the fer-
romagnetic resonance (FMR) linewidth are presented. The narrow FMR linewidth allows to a
precise determination of the magnetic relaxation parameters of these samples. The benefits of
the D03 structure of epitaxial Fe3Si is that one can obtain different strength contributions to the
FMR linewidth from the Gilbert damping constant, G and other relaxation terms. We present a
general model to explain the experimental results of both the angular and frequency dependence
of the FMR linewidth yielding one set of relaxation parameters. Moreover, we show that the rel-
ative strength of the relaxation parameters can be tuned by changing the annealing temperature
and also by slightly modifying the Fe content.
As it is discussed in Sec. 2.3, in general the motion of the sample magnetization M in an
FMR experiment can be described by Eq. (2.8). In order to quantify the different relaxation
channels, the damping of M has to be discussed in terms of linewidth contributions. The FMR
linewidths measured in this work are analyzed considering four different contributions:
ΔBpp(ω, ψB) = ΔB
Gilbert
pp (ω, ψB) + ΔB
2mag
pp (ω, ψB)
+ ΔBmosaicpp (ω, ψB) + ΔB
inhom
pp (10.4)
Here ΔBpp denotes the peak-to-peak linewidth of the FMR signal. ψB denotes the two angles
θB and φB , the first being the polar angle of the external field measured with respect to the film
normal and the latter the azimuthal angle of B measured with respect to the in-plane [100]-
direction. In the following, we briefly describe the four different contributions to the FMR
linewidth within Eq. (10.4):
(i) The Gilbert contribution ΔBGilbertpp .
In various magnetic systems, the damping can be described by the phenomenological Gilbert
damping parameter G [54]. Sometimes the dimensionless parameter α is given instead, which
is related to G by α = G/(γM). If the Gilbert damping represents the entire intrinsic damp-
ing, then it follows from the Landau-Lifshitz-Gilbert equation of motion [54] that the FMR
linewidth would depend linearly on the microwave frequency [135]. In order to determine G or
α, frequency-dependent FMR measurements over a large range of microwave frequencies are
needed. Note that the linear frequency dependence of FMR linewidth is valid only when the
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magnetization and external magnetic field are parallel to each other. Otherwise the so-called
field dragging contribution has to be included. If one wants to express relaxation rates in terms
of linewidths, i.e., to convert from frequency-swept to the field-swept linewidth measured by
FMR, one can use the following conversion (see for example Refs. [135,198] and references
therein):
ΔBpp(ω, ψB) = γ
dBres(ω, ψB)
dω
·Δ(ω
γ
). (10.5)
Here Δ(ω
γ
) is the frequency-swept linewidth written in magnetic field units. The suffix ‘res’
indicates that dBres(ω, ψB)/dω has to be calculated at the resonance condition. In Eq. (10.5) ω
is a function of B and ψB(B), therefore Eq. (10.5) can be written as
ΔBpp(ω, ψB) = γ
∂Bres(ω, ψB ≡ constant)
∂ω
·Δ(ω
γ
)
+γ
∂Bres(ω ≡ constant, ψB)
∂ψB
· dψB
dω
·Δ(ω
γ
). (10.6)
The first term in Eq. (10.6) is commonly called the field-dragging contribution, because the
partial derivative gets large at angles for which the magnetization M is dragged behind B due
to magnetic anisotropy effects. Along the hard and easy axes of magnetization, for which M
and B are parallel, this dragging contribution vanishes. The Gilbert damping contribution in
Eq. (10.4) is therefore given by (see Sec. 2.3):
ΔBGilbertpp (ω, ψB ≡ β) ≈
2√
3
α
γ
ω
cos β
(10.7)
where β is the angle between the magnetization M and external field B. For the in-plane con-
figuration β = φeq − φB and for the out-of-plane configuration β = θeq − θB .
(ii) Line broadening due to mosaicity (ΔBmosaicpp ).
The second term in Eq. (10.6) is the so called mosaicity term. It is caused by a small spread
of sample parameters on a very large scale [199]. This variation can be found in the internal
fields, thickness, or orientation of crystallites within the sample. The individual regions thus
have slightly different resonance fields. The overall signal will be a superposition of these local
FMR lines yielding a broader linewidth. We consider the fluctuations of the directions of the
anisotropy fields by the mosaicity contribution given by [199]:
ΔBmosaicpp (ω, ψB) =
∂Bres(ω, ψB)
∂φB
ΔφB +
∂Bres(ω, ψB)
∂θB
ΔθB , (10.8)
where ΔφB and ΔθB represent the average spread of the direction of the easy axes in the film
plane and normal to the film, respectively. Note that for frequency dependent measurements
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along the easy and hard axes, the partial derivatives are zero and thus the mosaicity contribution
vanishes.
(iii) The two-magnon scattering contribution ΔB2magpp .
Two-magnon scattering, where the k = 0 magnon excited by FMR scatters into degenerate
states of magnons having wave vectors k = 0 [198]. This process requires that the spin-wave
dispersion allows for degenerate states, and that there are scattering centers in the sample. The
geometrical separation of the scattering centers is connected to the extension of the final magnon
states in real space. If long-wavelength spin-waves are involved in the relaxation process, de-
fects of the order of several 100 nm rather than atomic defects act as scattering centers. The
existence of two-magnon scattering has been demonstrated in many systems of ferrites (see
Refs. [80,200,201] and references therein). While in bulk materials this is well known, it was
only recently found by several groups to be of major importance also in superlattices [65,202]
and ultrathin ferromagnets [199,203,204].
The linewidth ΔB2magpp caused by the two-magnon scattering mechanism is a measure of
the scattering rate of the uniform (k = 0) precession magnons into other spin-wave modes
(k = 0) [65,80,202,205,206]. For thin magnetic films, ΔB2magpp can be expressed as [81,82,85]:
ΔB2magpp (ω, ψB) =
∑
〈xi〉
Γ〈xi〉f(φB − φ〈xi〉) (10.9)
× arcsin
(√√
ω2 + (ω0/2)2 − ω0/2√
ω2 + (ω0/2)2 + ω0/2
)
U (θeq − θc)
with ω0 = γμ0Meff = γ (μ0M − 2K2⊥/M) and μ0Meff being the effective magnetization that
consists of μ0M and the intrinsic out-of-plane anisotropy field 2K2⊥/M that was determined
in Sec. 10.4. The factor Γ〈xi〉 denotes the strength of the two-magnon scattering along the prin-
cipal in-plane crystallographic direction 〈xi〉 (see Sec. 2.3). This parameter will be fitted to the
experimental data. It should be noted that in Refs. [81,82,85] only the frequency-dependent
part of the FMR linewidth was derived [Γ · arcsin(...)-term in Eq. (10.9)]. The additional terms
added to this contribution will be explained in the following. The f(φB−φ〈xi〉)-term allows for
the two-magnon contribution to depend on the in-plane direction of B relative to the principal
in-plane crystallographic directions 〈xi〉 given by the angles φ〈xi〉. An angle dependent two-
magnon scattering may occur when the scattering centers are not isotropic within the sample.
In the case that the centers are given by lattice defects, the angular dependence should reflect
this lattice symmetry. In case that different contributions of two-magnon scattering along the
principal crystallographic directions 〈xi〉 occur, one has to sum up these contributions weighted
by their angular dependence given by f . The step function U (θeq − θc) in Eq. (10.9) is equal to
1 for |θeq| > |θc| and zero for |θeq| < |θc|. It is used to describe the ‘switching off’ of the two-
magnon scattering at a critical out-of-plane angle of the magnetization [207]. Theoretically, it is
shown that in oblique configuration, when the magnetization is tipped out of the film plane, finite
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wave vector modes are degenerate with the FMR mode for |θeq| > |θc| = 45◦. Thus the two-
magnon scattering should be operative in this regime of the tipping angle, but it should shut off
for |θeq| < |θc| = 45◦ (see for example Eqs. (25-27) of Ref. [207]). Such behavior is observed
very often in thin metallic ferromagnets [65,135,203,208]. We emphasize that no analytical for-
mula for the angular dependence of the FMR linewidth due to two-magnon scattering has been
reported for |θeq| > |θc| = 45◦ and, thus, for simplification we neglect the angular dependence
of the two-magnon scattering in this regime and approximate the polar angular dependence of
the two-magnon scattering by a step function. There are reasons to believe that this indeed is
an appropriate approximation: i) All experimental data reported so far have shown practically
no change in the FMR linewidth for |θeq| > |θc| = 45◦ (see also [65,135,203,208]) meaning
that the scattering matrix is rather angle independent. ii) The overall angular dependence of the
FMR linewidth in the out-of-plane configuration for which the static field is varied from the
in-plane to the out-of-plane direction is governed by the mosaicity term. Moreover, Ref. [196]
shows that the angular dependence due to two-magnon scattering for most cases should rather
lead to a reduction of the linewidth with respect to the in-plane value. This is, however, not
observed in the experiment due to the larger dragging and mosaicity contribution. Therefore,
the angular dependence caused by two-magnon scattering can be neglected for |θeq| > 45◦.
The few studies that experimentally evidence two-magnon scattering in ferromagnets base their
conclusion either on the frequency dependence of the linewidth being not linear [65,202] or on
the angular dependence of ΔBpp at fixed frequency alone [65,199,203,204].
(iv) Although for our films, fluctuations of the thickness, and thus fluctuations of the
strength of the anisotropy fields are small, we add a frequency and angle independent broaden-
ing term ΔB inhompp to Eq. (10.4) to account for them [135]. ΔB inhompp added to the model repre-
sents a frequency and angle independent broadening, which cannot be written in the other forms
(Gilbert or two-magnon scattering term). As we will show this contribution plays a minor role
in our samples.
Taking all mechanisms together the following expression for the linewidth can be formu-
lated:
ΔBtotalpp (ω, ψB) = ΔB
inhom
pp +
2√
3
α
γ
ω
cosβ
+
∂Bres(ω, ψB)
∂φB
ΔφB +
∂Bres(ω, ψB)
∂θB
ΔθB
+
∑
〈xi〉
Γ〈xi〉f
(
φB − φ〈xi〉
) · arcsin(√√ω2 + (ω0/2)2 − ω0/2√
ω2 + (ω0/2)2 + ω0/2
)
U (θeq − θc) (10.10)
In order to precisely determine the magnetic damping parameters, the frequency depen-
dence of the FMR spectra was investigated within a wide range of microwave frequencies be-
tween 1 and 70 GHz. Furthermore, the angular dependence of the FMR linewidth was recorded
at microwave frequencies of 9.9 and 24 GHz.
The frequency dependence of the FMR linewidth for an 8 nm thick Fe3Si film (sample B)
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measured along two different in-plane directions, [100] and [110], is shown in Fig. 10.16(a).
The two fit curves were obtained with the help of Eq. (10.10) using fixed angles θB = 90◦ (ex-
ternal field in-plane) and φB = 0◦ or φB = 45◦ (external field parallel [100]- or [110]-direction,
respectively). The fitting parameters used, are ΔB inhompp , G, and Γ corresponding to a small
frequency independent inhomogeneous contribution, the Gilbert damping, as well as the two-
magnon scattering, respectively. The linewidth broadening due to mosaicity (see Eq. (10.8))
cannot be determined from the frequency dependence of ΔBpp along principal axes (〈100〉 and
〈110〉), because then the partial derivatives in Eq. (10.8) are zero. In Fig. 10.16 (a) one can see
that the curvature along the [100]-direction is more pronounced than along the [110]-direction.
This clearly indicates the presence of two-magnon scattering, as pure Gilbert-like damping
would lead to a linear dependence. The fit parameter Γ in Eq. (10.9) is a factor scaling the
curve with respect to the y-axis. The precision of the fit parameters can be enhanced signifi-
cantly when the in- and out-of-plane angular dependence of the FMR linewidth are fitted using
Eq. (10.10) for a fixed frequency of f = 9.9 GHz. The azimuthal and polar angular dependen-
cies of the FMR linewidth are shown in Figs. 10.16(b) and (c), respectively. The polar angle
dependent measurement is performed by rotating the external field from the [110] towards the
[001] direction. Taking only the Gilbert mechanism according to Eq. (10.7) into account one ob-
tains the dashed curves. This clearly shows that the Gilbert mechanism alone is not sufficient to
describe the relaxation within the films. In particular, the azimuthal angular dependence of the
FMR linewidth should have eight maxima due to the Gilbert contribution alone. Note that due
to the small value of G the eight maxima can hardly be seen. In contrast to the expected behav-
ior, the in-plane angular dependence of the FMR linewidth shows just fourfold (four maxima)
symmetry [Fig. 10.16 (b)].
This observation can be explained by considering all contributions of Eq. (10.10) with the
fit parameters obtained from the frequency dependence of the linewidth. There are two issues to
note: (i) For all angles between the hard and easy directions, i.e. 〈100〉 and 〈110〉, field dragging
effects [see Eq. (10.5)] have to be taken into account because then M and B are not aligned
parallel. This is due to the large demagnetizing field, which acts as an anisotropy contribu-
tion. That broadening of the resonance line for the out-of-plane angles −30◦ < θB < −5◦
and 5◦ < θB < 30◦ can be observed nicely in the dashed line of Fig. 10.16 (c). In the in-
plane angular dependence, field dragging plays a minor role as depicted by the almost constant
dashed line in Fig. 10.16 (b), since the in-plane anisotropy fields are small. (ii) Comparing the
frequency dependencies of the linewidth taken along two distinct directions it is obvious that
the two-magnon contribution is angle dependent. In fact it has the same fourfold (four max-
ima) symmetry in the film plane as it is observed for the angular dependence of the resonance
position. Such a behavior of anisotropic two-magnon scattering was observed earlier for thin
metallic ferromagnets [203,206], superlattices [65], as well as ’half Heusler’ alloy films [208].
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Figure 10.16.: (a) The frequency dependence of the FMR linewidth for an 8 nm Fe3Si directly annealed
after growth (sample B). The inset shows the manifestation of the low-frequency results. (b) Azimuthal
and (c) polar angular dependence of the FMR linewidth measured at a microwave frequency of 9.9 GHz.
All FMR experiments were performed at ambient temperature.
In some cases this could be correlated to defect structures (e.g. dislocation lines) being oriented
along distinct crystallographic directions, thus leading to an asymmetry, which is the same as
the one of the crystal lattice. In such a case the Fourier component of the defects leads to a
fourfold angular dependence being proportional to f(φB − φ〈xi〉) = cos2[2(φB − φ〈xi〉)] due to
an effective channelling of scattered spin-waves (for more details see Ref. [203]). This function
was also used to fit the in-plane angular dependence. Note that the fitted solid and dashed curves
are not least squares fits of the frequency dependence data, but are the result of a simultaneous
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Sample ΔBinhompp G γΓ〈100〉 γΓ〈110〉 ΔφB ΔθB
(mT) (107Hz) (107Hz) (107Hz) (◦) (◦)
(a) 8 nm Fe3Si (sample B) 0.2(2) 5.1 25(2) 4(2) 0.09 0.05
(b) 40 nm Fe3Si as-prepared 0.9(1) 5.1(1) 53(17) 26(2) 0.3 0.15
(c) 8 nm Fe3Si (sample C) 0 6.0(2) 42(8) 16(4) 0.3 0.15
(d) 8 nm Fe80Si20 (sample D) 0 5.8 7(2) 2.65(5) 0.2 —
Table 10.5.: Magnetic relaxation parameters for (a) 8 nm Fe3Si annealed at 900 K for 1 h (sample B), (b)
40 nm Fe3Si as-prepared, (c) 8 nm Fe3Si annealed between 550-900K for 1 h in steps of 100 K (sample
C). (d) 8 nm Fe80Si20 annealed at 900 K for 1 h (sample D). All samples were measured at ambient
temperature.
fit to Eq. (10.10) using both, the angular and frequency dependence of the linewidth yielding a
unique set of parameters. A detailed description of the fitting procedure and the values of the
individual frequency and angle dependent fits are given in Appendix A.3.
The fits reveal a small mosaicity of the sample on the order of 0.05–0.1◦ for ΔφB and ΔθB .
In the film plane the mosaicity term is slightly bigger than along the perpendicular direction
(ΔφB > ΔθB). This implies that the lateral variation of the anisotropy fields in the film plane
(either in orientation or strength) is bigger than the one of the effective demagnetizing field
along the perpendicular direction.
In summary, the frequency dependence as well as the angular dependencies for the 8 nm
Fe3Si film can be explained by one set of fit parameters that are summarized in Tab. 10.5(a). The
entire angular dependence can be explained by anisotropic two-magnon scattering and mosaic-
ity effects. No angle dependent Gilbert damping parameter needs to be invoked. The measured
intrinsic Gilbert parameter is slightly smaller than the bcc Fe-bulk one (6 × 107 Hz) [209].
This is due to the fact that the spin–orbit coupling in this structure is slightly smaller than
for bulk-Fe (see Sec. 10.6). The two-magnon scattering along the 〈100〉 directions is about 5
times more effective than along the 〈110〉 directions. Its strength is comparable to the intrinsic
Gilbert damping contribution, G, but small in comparison to the values measured for FeV super-
lattices [65,202]. Indeed, earlier works employing Mössbauer spectroscopy [210] have shown
that the defects in bulk Fe3Si are mainly concentrated in α-sublattices (being oriented parallel
to the 〈100〉-directions). This scenario, which was confirmed recently by first principle den-
sity functional calculations in combination with statistical mechanics [187], naturally explains
the fact that the two-magnon contribution is stronger along the 〈100〉-directions. According to
Refs. [187,210] the probability of defect formation along 〈100〉-directions is higher than along
〈110〉-directions. This already confirms that the 〈100〉- and 〈110〉-directions are not equivalent.
Indeed Refs. [187,210] discuss not only point defects, but also preferential diffusion channels.
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Figure 10.17.: (a) The frequency dependence of the FMR linewidth for 40 nm Fe3Si as-prepared. The
inset shows the low-frequency results. (b) The azimuthal angular dependence of the FMR linewidth
measured at microwave frequencies of 9.9 (squares) and 24 (triangles) GHz. (c) The polar angular de-
pendence of the FMR linewidth recorded at a microwave frequency of 9.9 GHz. All experiments were
performed at RT.
The latter are the ones that to our opinion might lead to large scale defects with average separa-
tion on the order of exited spin-waves (100 nm) within the film. To quantify these defects is not
the goal of this thesis. We rather propose that such defects must be present.
We point out that there are other broadening mechanisms, i.e. exchange-conductivity, surface
pinning or surface anisotropy effects [211]. To account for their contributions we have per-
formed the calculations using the formulas for FMR microwave absorption obtained from the
equation of motion, Maxwell and boundary equations of the linewidth contribution caused by
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exchange-conductivity effects and by surface spin pinning. For our case, −μ0Meff ∼ 1 T,
g ∼2.075, G = 5.1 × 107 Hz and d =8–40 nm, both linewidth contributions are less than 0.1
mT for 18 to 70 GHz. Therefore, they can be neglected.
If lattice defects in the volume of the film and not at the interfaces are the origin of the
two-magnon scattering, one would expect that its strength increases with film thickness when
the volume part of the film becomes the dominating contribution. This is demonstrated in
Fig. 10.17, where the frequency and angular dependencies of the FMR linewidth of an as-
prepared (not annealed) 40 nm thick sample are plotted. The values for this film were obtained
in the same way as described for the case of the 8 nm thick sample. They indeed show (see
Table 10.5(b)) that the two-magnon contribution is increased along both principle in-plane di-
rections. Although the Gilbert contribution is the same (G is a material dependent constant), the
two-magnon contribution has even overcome the Gilbert damping along the 〈100〉-directions
(see Table 10.5(b)).
One notices that the two magnon scattering strength for the 40 nm film is about twice that
of the 8 nm. This is mainly due to the change in the available density of states for the degenerate
magnons in the thicker film. This thickness dependence has been established recently in Ref.
[212]. The enhanced two-magnon scattering in the 40 nm sample is another direct experimental
confirmation of the theory that was recently developed by Krivosik et al. [212]. The authors
showed that the available density of states for the degenerate magnons increases for thicker
films. In addition, the larger mosaicity supports the fact that the thicker film has less structural
perfection than the 8 nm thick one. We note, however, that the structural imperfection could
also be related to the fact that this sample was not annealed. In the thick sample with stronger
two-magnon scattering another effect can be observed in Fig. 10.17(c): The linewidth along
the film normal is smaller than the one in the film plane. This is due to two-magnon scattering
contribution because the dragging effect as a cause can be ruled out, as M and B are parallel in
these directions (see discussion above) and also the Gilbert contribution is the same.
A possibility to raise the density of defects and dislocations within the Fe3Si films stems
from the fact that the film quality (for a given film thickness) strongly depends on the anneal-
ing procedure, as one can read off the broader linewidth for the as-prepared sample (compare
Fig. 10.16 with Fig. 10.17). This was also verified by our conversion electron Mössbauer spec-
troscopy (CEMS) [179] combined with XRD measurements (see Fig. 10.2). This can be used to
increase the number of scattering centers and thus two-magnon processes. Figure 10.18 shows
the frequency and angle dependent linewidth of an 8 nm Fe3Si film annealed between 550-900
K for 3 h in steps of 100 K, which has more defects (sample C) than the first sample (sample
B) shown in Fig. 10.16. The magnetic relaxation parameters resulting from the frequency and
angular dependence of the FMR linewidth of that sample are summarized in Tab. 10.5 (c).
In this case the relaxation mechanism along the [110]-direction is still dominated by
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Figure 10.18.: (a) The frequency dependence of the FMR linewidth for an 8 nm Fe3Si sample annealed
between 550-900 K for 3 h in steps of 100 K (sample C). (b) The azimuthal and (c) polar angular
dependences of the FMR linewidth measured at a microwave frequency of 9.9 GHz. All experiments
were performed at RT.
a Gilbert-type mechanism, but the strength of the two-magnon scattering along the [100]-
direction is enhanced by 33% with respect to the first sample. This indicates that the defects and
dislocations within the Fe3Si lattice have the tendency to form mainly along 〈100〉 directions.
Note that the α sublattices are oriented along these directions. This again proves in agreement
with theory [187], that a preferential occupation of Fe sites by unwanted defects takes place
along the 〈100〉 directions, leading to a stronger contribution of two-magnon scattering in this
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direction.
As mentioned before, it was found experimentally [210] and later theoretically [187] that the
defect formation energy increases with increasing Fe concentration, i.e., less defects are ex-
pected for a higher Fe concentration. In order to monitor this effect, an 8 nm Fe80Si20 film
was prepared. The phase diagram of Fe100−xSix shows that the D03 structure is stable in the
Si-concentration range between 12.5 < x < 31 percent [26]. Therefore, a structural transfor-
mation due to the reduction of the Si concentration can be ruled out as it is also demonstrated
by our X-ray diffraction experiments (see Fig. 10.9).
The frequency and angular dependencies of the 8 nm Fe80Si20 (sample D) film are shown
in Fig. 10.19. It is obvious that the two-magnon scattering contribution is now much smaller
than in the stoichiometric sample (Fig. 10.16). The in-plane angular dependence of the FMR
linewidth in Fig. 10.19(b) clearly shows eight maxima, which is expected from a mosaicity
driven linewidth broadening as well as for a strong field dragging contribution in the Gilbert
damping. It can be seen that a smaller fourfold (four maxima) symmetry is superimposed on
the eight maxima, indicating that two-magnon scattering is still present. This time its strength
is much smaller than the mosaicity effect.
The magnetic relaxation parameters are listed in Tab. 10.5(d). The Gilbert parameter G
is found to be slightly larger than in the stoichiometric Fe3Si film, meaning a slightly larger
spin–orbit coupling for this structure as expected due to the larger Fe content. We note that
this enhancement is also confirmed by measurements of the g-factor as well as the magnetic
anisotropy, which also show a slight increase with respect to the stoichiometric sample. As both
quantities are related to orbital magnetism, they support the finding of a larger Gilbert parameter.
According to Eq. (2.42), the Gilbert damping parameter is proportional to the deviation of the
g-factor from the free electron value, Δg. Δg is enhanced in Fe80Si20 as compared to Fe3Si (see
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Figure 10.19.: (a) The frequency dependence of the FMR linewidth for an 8 nm Fe80Si20 film directly
annealed at 900 K (sample D). (b) The azimuthal angular dependence of the FMR linewidth measured at
a microwave frequency of 9.9 GHz. All experiments were performed at ambient temperature.
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Sec. 10.6) therefore the enhanced Gilbert damping parameter is plausible.
10.9. Summary
In this chapter the static and dynamic magnetic properties of thin Fe3Si films epitaxially grown
on MgO(001) substrates were discussed. X-ray diffraction revealed that the expected cubic
D03 structure is formed and that the best result was achieved upon deposition of the Fe at a
temperature of Ts = 550 K and subsequent annealing of the film at T = 900 K for 1 h. The
optimum deposition rate was about 0.5 nm/min.
The magnetic investigation by FMR, MOKE and SQUID magnetometry on as-prepared films
with thicknesses between 4 and 40 nm at RT showed that the films have a dominating cubic
anisotropy (K4 ≈ 3 · 103 J/m3, depending on the film treatment) that is about one order of
magnitude smaller than the one of bulk Fe (K4 = 4.8 · 104 J/m3). The magnetization was found
to be μ0M = 1 T which is less than half of the value for bulk Fe (μ0M = 2.1 T).
Due to the very high sensitivity of FMR even to small anisotropy fields, a uniaxial in-plane
anisotropy within the films was detected. It was shown to be of interfacial nature, so that most
likely the oblique angle during Si deposition is the source.
Besides the cubic anisotropy, an out-of-plane uniaxial contribution was found that mostly
results from the interface of the film. It leads to a perpendicular easy axis and plays an important
role as the film thickness decreases. As the effect of shape anisotropy in the films is reduced
compared to bulk Fe, one could speculate on a perpendicular orientation of the film’s easy axis
of magnetization in the very thin film limit. Thus, a further reduction of the film thickness
beyond 4 nm is of great interest.
The g-factor of Fe3Si could be extracted from frequency dependent FMR measurements to
be g = 2.075, being slightly smaller than the one of bulk Fe (g = 2.09). The g-factor was found
to be isotropic. A small increase was observed for the 4 nm film, possibly due to the growing
importance of the out-of-plane anisotropy mentioned above. The different sample treatment,
however, showed no influence on the g-factor.
The Si concentration dependence around the optimum concentration of 25% Si:75% Fe on
the magnetic properties were investigated. The g-factor and magnetic anisotropy fields decrease
linearly within the D03-regime.
The spin and orbital magnetism of 8 nm ordered Fe2.8Si1.2, Fe3Si, and Fe3.2Si0.8 thin films
were measured confirming that Fe-Si hybridization increase the crystal field effects on Fe atoms
and consequently enhance the orbital quenching in Fe3±δSi1∓δ binary Heusler structures.
The magnetic relaxation mechanisms were investigated over a wide range of microwave
frequency (1-70 GHz). A general approach was proposed to quantitatively determine the re-
laxation mechanism in Fe3Si. This model (Eq. (10.10)) is very general and can be used for all
140
10.9. Summary
magnetic structures. The important results are: (i) In order to quantitatively disentangle the dif-
ferent relaxation parameters, low- as well as high-frequency FMR measurements supported by
full in- and out-of-plane angular dependence at a fixed microwave frequency are needed. (ii) A
precise determination of the magnetic damping parameter is possible only when all contribu-
tions to the FMR linewidth are considered. (iii) The angular dependence of the FMR linewidth
is reproduced by the same set of relaxation parameters determined from the frequency depen-
dence. No apparent inhomogeneous linewidth broadening (residual linewidth at f=0) is needed.
(iv) The Gilbert damping parameter and the non-Gilbert type relaxation rates can be tuned by
slightly modifying the Fe concentration, film thickness and annealing procedure.
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In this thesis a comparative study of structural and magnetic properties of Fe-based layered
structures was presented. The first goal was to understand the interplay between lattice strain
and magnetic anisotropy in the monolayer range, therefore, the static magnetic properties of Fe
monolayers grown on the (001)-surface of different types of III-V semiconducting substrates
(GaAs(001), InAs(001), and InP(001)) with different lattice mismatches were investigated. The
magnetic anisotropy energy, g-factor, and the magnetization were determined by an unique com-
bination of in situ UHV ferromagnetic resonance and SQUID magnetometry as a function of
temperature and film thickness. As a second goal the static and dynamic magnetic properties of
epitaxial Fe3Si thin films were investigated using ex situ ferromagnetic resonance, SQUID mag-
netometry, magneto-optical Kerr effect, and X-ray diffraction as a function of film thickness,
sample treatment, and Si concentration.
The main results of each system are summarized as follows:
• Fe/{4×6}GaAs(001): The different anisotropy contributions could be quantitatively re-
lated to misfit and reconstruction induced stress in the film plane. A magneto-elastic
model was employed to explain the anisotropy contributions using the stress parame-
ters measured in situ by IV-LEED analysis [59,62].
The power-law relation between the temperature dependence of perpendicular magnetic
anisotropy and magnetization was investigated, which reveals that single-ion magnetic
anisotropy is the dominating microscopic origin in the Fe monolayers [213,214]. More-
over, the temperature dependence of each anisotropy contribution was determined and
extrapolated to zero Kelvin, yielding K s,eﬀ2⊥ (T −→ 0)=(1.26 ±0.1)×10−3 J/m2=649 ±
36 μeV/atom and Kv2⊥(T −→ 0)=(4±9)×104 J/m3=3±6.7 μeV/atom allowing quantita-
tive comparison with first principle calculations [213,214].
An enhanced g-factor observed for thin layers suggests an enhanced orbital moment,
which was attributed to the reduced dimension and the changes of the electronic structure
at the Fe-GaAs interface, which may modify the spin-orbit coupling of the Fe atoms con-
fined to the interface. It was demonstrated that one monolayer of Ag increases the critical
thickness for the onset of ferromagnetism from 2.8 ML for Fe/GaAs to 3.1 for 1 ML
Ag /Fe/GaAs at room temperature. This can be related to the suppression of the surface
contribution to the perpendicular magnetic anisotropy by about 20%. The Ag capping has
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only very small effects on the in-plane magnetic anisotropy [94]. The Fe films exhibit
a temperature-driven morphological transformation occurring at a temperature T > 550
K depending on the film thickness. During this transformation the cubic anisotropy in-
creases by a factor of 2, whereas the perpendicular and in-plane uniaxial anisotropies
decrease by about only 15 and 10%, [94].
In order to modify the interface magnetic parameters, Fe layers grown on thin buffer lay-
ers (1-5 ML) of Ag were studied since the Ag/GaAs interface is thermodynamically more
stable than the Fe/GaAs interface. In addition to that, the thickness of the chosen buffer
layer was thin enough (1-5 ML) to prevent the presence of electrical shunts. The interface
uniaxial anisotropy is affected by a buffer layer of Ag at the interface. A single atomic
layer of Ag decreases the interface uniaxial anisotropy by almost 15%. This effect be-
comes stronger as the thickness of the Ag layer increases; for example a 5 ML Ag layer
reduces the interface uniaxial anisotropy by about 25%.
• Fe/{4×2}InAs(001): The different magnetic anisotropy contributions were determined
and found to be related to uniaxial and biaxial strains in the films. The RT ferromagnetic
long-range order in {4×2}InAs(001) appears at a film thickness of about 2.7 ML. The
easy axis of magnetization is parallel to the [110]-direction for thin Fe layers and rotates
by 45◦ towards the [100]-direction above 7 ML.
5 ML Au were used as a buffer layer to modify the magnetic anisotropy as well as the elec-
tronic structure at the interface. It was found that in contrary to the Fe/Ag/GaAs system
the Au layer suppresses the cubic anisotropy as well as the uniaxial in-plane anisotropy
by 100% and 80%, respectively. This can be related to a disordered structure or the dif-
fusion of Au into the Fe layers. A morphological characterization of Au/InAs by STM is
proposed for further verifying this hypothesis.
• Fe/{2×4}InP(001): The critical thickness for the onset of ferromagnetism at RT was
found to be 4 ML. The magnetocrystalline anisotropy contributions and magnetization
were determined and explained in terms of a magneto-elastic model. The cubic anisotropy
for this structure was small and almost thickness independent, whereas the in-plane uni-
axial anisotropy was strongly thickness dependent. The perpendicular uniaxial anisotropy
deviates from the reciprocal thickness dependence, which was attributed to the change in
the surface strain due to the formation of the new reconstructed surface of the intermixed
atoms. The equilibrium angle of the magnetization was measured as a function of film
thickness indicating an in-plane spin reorientation transition from the [110]-direction for
thin layers (d <7 ML) towards the [100]-direction for thicker ones. The spin reorienta-
tion transition in Fe/InP extends over a larger thickness range than that of Fe/InAs. This
is due to the difference in the thickness dependence of the anisotropy fields in these two
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• Fe3Si/MgO(001) films: The magnetic anisotropy energy, g-factor, and magnetization
were determined for different samples with Si concentrations of 20, 25, and 30 % for
the first time. It was found that the films have a dominating cubic anisotropy (K4 ≈
3 ·103 J/m3, depending on the film treatment) that is about one order of magnitude smaller
than the one of bulk-Fe. The magnetization was determined to be μ0M = 0.9 T which
is less than half of the value for bulk Fe (μ0M = 2.1 T). A small uniaxial in-plane
anisotropy of interfacial nature within the films was detected. The perpendicular uniaxial
anisotropy term was found to mostly result from the interface. From frequency dependent
FMR measurements the g-factor was determined to be g = 2.075(5) and isotropic. Since
a small enhancement was observed for the 4 nm film (g = 2.075(5)), the different sam-
ple treatment showed no influence on the g-factor. The magnetic anisotropy fields and
g-factor decreases linearly as the Si concentration increases within the D03-regime.
The effective spin and orbital moment of the stoichiometric Fe3Si was found to be μeffS(L) =
1.38μB (0.051μB), which is smaller than the one of bulk-Fe [μeffS(L) = 2.24μB (0.103μB)]
by a factor of roughly two as was confirmed by our density functional theory calculations
[μeffS(L) = 1.75μB (0.029μB)]. The reduced spin and orbital moments are due to the fact
that in Fe3Si the atomic orbitals are more affected (quenched) by the ligand field than in
bcc bulk Fe.
It is found that in addition to the Gilbert mechanism the relaxation mechanism is al-
tered by two-magnon scattering. The model by Arias and Mills [81,82,85] was confirmed
and used to quantify the different magnetic relaxation parameters. The strength of two-
magnon scattering depends on film treatment and is maximum along the 〈100〉-directions,
while it is very small along the 〈110〉-directions. The intrinsic Gilbert damping parameter
was found to be G = 5.1·107 Hz and thickness independent. It was observed that as the Si
concentration decreases the Gilbert damping parameter increases whereas the strength of
two-magnon scattering decreases. These observations were attributed to the enhancement
of spin-orbit coupling and a reduction of lattice defects.
Our investigation provides a quantitative explanation of magnetic anisotropy, g-factor and mag-
netization of Fe monolayers grown on GaAs(001), InAs(001), and InP(001) as a function of
temperature and film thickness. The role of the different types of stress caused by the lattice
mismatch and the surface reconstruction in the magnetic anisotropy terms is quantified. This
means that strain plays a crucial role on the magnetic anisotropy in Fe films on semiconduct-
ing substrates in the monolayer regime. The magneto-elastic anisotropy depends linearly on the
strain in the film and the first order magneto-elastic coupling constant has opposite sign com-
pared to the one in bulk Fe. The Fe/InP interface was found to be the most reactive interface
whereas the Fe/InAs is the less reactive one. The Fe/Ag interface is found to be much sharper
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than the Fe/Au interface.
Moreover, an quantitative determination of the static and dynamic magnetic properties of epi-
taxial Fe3Si binary Heusler films grown on MgO(001) is presented for the first time. Two re-
laxation channels, i.e. dissipative, isotropic Gilbert damping as well as anisotropic two-magnon
scattering are simultaneously identified and quantitatively analyzed. These results are important
not only for applications in spintronic devices or for this particular system, but also to under-
stand the physical principals of the spin damping mechanism in general. We showed how the
relaxation parameters can be tuned by changing the film thickness and Si concentration.
The present investigation demonstrates that these kind of structures have, in principles, the
capability to be used in future spintronic applications. For further studies we propose the inves-
tigation of the magnetic anisotropy of the Fe on other surface orientations of semiconductors
(i.e. (110)- and (111)-surface), which allows one to compare the results with the results of this
thesis.
While our investigation predicts a spin transition reorientation from in-plane to out-of-plane for
ultrathin Fe3Si films (in monolayer regime), an investigation of the magnetic parameters of the
Fe3Si monolayers grown on MgO(001) and/or GaAs(001) would also be very interesting.
Furthermore, a determination of the spin and orbital magnetism of Fe3Si films using XMCD
and a calculation of these quantities for off stoichiometric Fe3±δSi1∓δ alloys is proposed to
yield valuable results.
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A.1. Conversion units
In the literature various units are used for the energy and magnetic parameters. In Tab. A.1 the
conversion of energy units are given. In order to convert surface and volume anisotropy energy
density Tab. A.2 can be utilized.
J erg eV
1 J 1 107 6.242 · 1018
1 erg 10−7 1 6.242 · 1011
1 eV 1.602 · 10−19 1.602 · 10−12 1
Table A.1.: Conversion of energy units
Lattice 105 J/cm3 10−5 J/m2
parameter (nm) Atom/m3 multiplied by Atom/m2 multiplied by
bcc (001) 0.286 8.46·1028 7.38μeV/atom 1.21·1019 5.15μeV/atom
fcc (001) 0.359 8.65·1028 7.22μeV/atom 1.55·1019 4.03μeV/atom
Table A.2.: The list of bcc and fcc Iron lattice parameter, surface and volume density of atoms and
proportionality constants for conversion of (eV ←→ J m−3) and (eV ←→ J m−2).
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A.2. Spherical harmonics
The spherical harmonics Y ml (θ, φ) are the angular portion of the solution to Laplace’s equation
in spherical coordinates where azimuthal symmetry is not present. Some care must be taken
in identifying the notational convention being used. In this entry, θ is taken as the polar (co-
latitudinal) coordinate with θ in [0,π], and φ as the azimuthal (longitudinal) coordinate with
φ in [0,2π]. This is the convention normally used in physics, as described by Arfken [215], θ
usually denotes the longitudinal coordinate and φ the colatitudinal coordinate). Spherical har-
monics satisfy the spherical harmonic differential equation, which is given by the angular part
of Laplace’s equation in spherical coordinates.
Y ml (θ, φ) =
√
2l + 1
4π
(l −m)!
(l + m)!
Pml (cos θ)e
−imφ (A.1)
Y −ll (θ, φ) =
1
2ll!
√
(2l + 1)!
4π
sinl θe−ilφ (A.2)
Y 0l (θ, φ) =
√
(2l + 1)
4π
Pl(cos θ) (A.3)
Y −ml (θ, φ) = (−1)mY ml (θ, φ) (A.4)
where Pl(cos(θ)) is a Legendre polynomial. In the following some of the spherical harmonics
which are needed to define the magnetic anisotropy up to the fourth order are listed.
Y 02 (θ, φ) =
1
4
√
5
π
(3 cos2 θ − 1)
Y ±22 (θ, φ) =
1
4
√
15
2π
sin2 θe±2iφ
Y 04 (θ, φ) =
√
9
256π
(3 cos4 θ − 30 cos2 θ + 3)
Y ±42 (θ, φ) =
√
315
512π
sin4 θe±4iφ
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A.3. The fit procedure of the FMR linewidth
The fitting procedure of frequency and angle dependent data was performed as follows:
(i) The frequency dependence of the FMR linewidth was fitted by Eq. (10.10) yielding the
parameters G, Γ〈100〉. Γ〈110〉 and ΔBinhompp .
(ii) The same parameters were used to fit the angular dependence of the resonance linewidth
measured at 9.9 GHz and the parameters were modified so that the best fit resulted.
(iii) These modified parameters were used to to crosscheck with the frequency dependent
data again. In this step G was kept constant.
Since in the frequency dependent fits the only contributions are G and γΓ〈100〉 (or γΓ〈110〉),
the error bar is larger than for the angle dependent fits, where all contributions have to be
considered.
(iv) The fit procedures (i)–(iii) were repeated several times so that the best angle and fre-
Sample ΔBinhompp G γΓ〈100〉 γΓ〈110〉 ΔφB ΔθB
(mT) (107Hz) (107Hz) (107Hz) (◦) (◦)
(a) B ‖ [100] 0 5.1 25(2) — — —
8 nm Fe3Si B ‖ [110] 0.2(2) 5.1 — 4(2) — —
annealed at azimuthal 0 5.1 25.6(8) 4.4(5) 0.09 —
900 K for 1 h polar 0 5.1 — 4.4(5) — 0.05
(b) B ‖ [100] 0.9(1) 5.1 53(17) — — —
40 nm Fe3Si B ‖ [110] 0.9(1) 5.1 — 26(2) — —
not annealed azimuthal 1 5.1 56(2) 26(1) 0.3 —
(as-prepared) polar 1 5.1 53(4) — — 0.15
(c) B ‖ [100] 0 6.0 37(4) — — —
8 nm Fe3Si B ‖ [110] 0 6.0 — 15(4) — —
annealed between azimuthal 0 6 42.4(8) 16(2) 0.3 —
550-900 K for 3 h polar 0 6 — 16(2) — 0.15
(b) B ‖ [100] 0 5.8 9(2) — — —
8 nm Fe80Si20 ann. B ‖ [110] 0 5.8 — 2.65(5) — —
at 900 K for 1 h azimuthal 0 5.8 5.6(9) 2.65(5) 0.2 —
Table A.3.: Magnetic relaxation parameters of (a) 8 nm Fe3Si annealed at 900 K for 1 h (sample B), (b)
40 nm Fe3Si as-prepared, (c) 8 nm Fe3Si annealed between 550-900K for 1 h in steps of 100 K (sample
C), and (d) 8 nm Fe80Si20 annealed at 900 K for 1 h (sample D). All samples were measured at ambient
temperature. The parameters shown have been determined from the frequency dependencies for the two
principal in-plane axes (denoted by B ‖ [100] and B ‖ [110], respectively), and from the angle dependent
fits (denoted by azimuthal and polar).
149
A. Appendix
quency dependent fits were archived. Table. A.3 lists the optimal parameters obtained from the
frequency and angular dependencies of the FMR linewidth for each sample.
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